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ABSTRACT
Imaging the AWitle in Southwestern, Utah Using Geochemistry and 
Geographic Information Systems
by
Reina FJDowning
Dr. Eugene Smith, Examination Committee Chair 
Professor of Geology 
University of Nevada, Las Vegas
Basaltic voicanism is common in the transition zone hom the Basin and 
Range to the Colorado Plateau. This study focuses on an 80 km long transect contammg 
seven separate basalt fields spaced less than 20 km apart. The transect extends fiom 
eastern Nevada through northwestern Arizona and mto southwestern Utah, across the 
crustal boundary de&ied as the transition zone.
Geochemistry and geographic mformation systems (GIS) define the geometry and 
orientation of a mantle boundary trending approxhnately E-W, almost perpendicular to 
the crustal boundary. This study suggests that there is no genetic link between the mantle 
boundary and crustal boundary between the Colorado Plateau and the Basin and Range. 
This evidence supports the hypothesis that the mantle boundary may be an older more 
fimdamental feature. Geochemical variability within each volcanic field is best «(plained 
by fiactional crystallization. Field evicfence, petrography, geochemistry and new dates 
siq>port separate evolution of each volcanic fiel<L
ui
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CHAPTER I 
INTRODUCTION
The compositioa of alkali-basalt provides an excellent probe into mantle source 
regions, because alkali basalt is relatively unmodified by crustal contamination. The 
source of alkali basalt is mantle peridotite that resides either in the lithosphere or the 
asthenosphere at depths of SO to 70 km (Allenby and Schnetzler, 1983; Daley, 1992). 
Asthenospheric mantle is defined as the convective part of the upper mantle, whereas the 
lithospheric mantle is the rigid nonconvecting part of the mantle that lies between the 
asthenosphere and crust (Menzies et al., 1983; 25ndler and Hart, 1986). Lithospheric 
mantle may remain isolated fiom the convecting asthenospheric mantle for long periods 
of time accounting for its ability to maintain unique isotopic and trace element 
compositions (Kempton et al., 1991).
Alkali-basalt geochemistry and geochronology provide the data to develop two- 
dimensional and three-dimensional images m Geographic hiformation Systems (GIS) of 
compositional changes within the mantle source region. GIS-ArcView provides an 
innovative tool for modelmg subsurface domams, especially the geometry and orientation 
of mantle boundaries and mantle heterogeneities. Differences m tectonic style between 
the Colorado Plateau and the Basin and Range provmce are (fiamatic. The Paleozoic and 
Mesozoic sedimentary strata m southwestern Utah are nearly flat lymg on the Colorado
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Plateau but become steeply tilted and faulted in the Basin and Range. This trans­
formation occurs over a distance of just 20 km and is marked by a zone of structural 
transition known as the transition zone (Efamblin,1970b; Best and Brimhall, 1970). The 
transition zone constitutes the crustal boundary between the Colorado Plateau and Basin 
and Range, in southwestern Utah and northwestern Arizona it is characterized by a series 
of down to the west normal faults. The Hurricane, Washington and Grand Wash faults 
are the dominant structures in the transition zone and accommodate the relative elevation 
difference (~ 2070 m) between the Basin and Range and Colorado Plateau (Figure I).
Changes in the isotopic composition of Pliocene to Holocene basalt are 
documented between the Basin and Range province in Nevada and the Colorado Plateau 
in Utah and Arizona (Wenrich et al., 1995; Ritter and Smith, 1996; Mattox, 1997; Nealey 
et al., 1997; Nelson and Tingey, 1997; Nusbaum et al., 1997; Smith et al., 1999). Basalt 
in the Basm and Range province is similar to asthenospheric ocean island basalt (OIB) of 
both eNd(0 to +4) and *̂ Sr/*®Sr (0.703-0.707) (Feuerbach et al., 1993). In contrast, basalt 
on the Colorado Plateau is typically lower m %d(-3 to -9) but has similar or slightly 
lower *̂ Sr/*®Sr (0.703-0.705) ^eard and Johnson, 1997). These isotopic changes are 
accompanied by differences in incompatible trace element concentrations (Nealey et al., 
1997; \fottox, 1997; Nelson and Tmgey, 1997). Basalts on the Colorado Plateau have 
higher large ion lithophile (Sr, Ba) and light rare-earth element (La, Ce) abundances 
compared to basalts m the Basin and Range (Smith et al., 1999).
Three models have been proposed to explain the ̂ stematic variations m isotopic 
and incompatible trace element chemistry fiom the Basin and Range to the Colorado 
Plateau: (1) Basin and Range basalt is mainly produced by partial melting of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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asthenospheric mantle whereas Colorado Plateau basalt contains a large proportion of 
lithospheric mantle in its source (Kempton et al., 1991; Nealey et al., 1997), (2) variable 
degrees of crustal contamination with more contamination occurring where the 
lithosphere is thick (Colorado Plateau) and less where it is thin (Basm and Range) 
(Glazner and Farmer, 1992; Fitton,1989), and (3) melting of a heterogeneous lithospheric 
mantle (Leeman, 1982; Daley, 1992; Smith et al., 1999). The orientation of the boundary 
between the asthenospheric source and mantle lithospheric source for alkali basalt is 
controversial. Wenrich et al., (1995) suggest that it parallels the transition zone, but 
Smith et al. (1999) and this thesis show that it trends at an angle to the transition zone.
The objectives of this study are to (1) determine the geometry and orientation of 
the mantle boundary between the Basin and Range province and Colorado Plateau, (2) 
determme the relationship between the mantle boundary and the transition zone (the 
crustal boundary), and (3) gather information about the Pliocene-Holocene basalts in the 
transect.
The objectives will be attamed by documenting the geochemistry, geology and 
geochronolo^ of seven volcanic fields spaced less than 20 km apart in a northeast 
trending transect across the transition zone (Figure 1). The individual basalt fields in the 
transect (Figure 1) mclude; (1) Mud Mountain m the Grand Wash trough, the 
westernmost basalt field in the transect; (2) Wolf Hole Mountain, west of and adjacent to 
the Washington foult; (3) Seegmiller Mountam, displaced by the Washmgton foult;
(4) Hurricane Wash and East Mesa basalt, west of and adjacent to the Hurricane foult; 
and (5) Little Creek and Crater Hill basalt fields on the Colorado Plateau.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The data used in this investigation includes 32 new major and trace element 
anal>^es, 25 rare-earth element analyses, 13 isotopic analyses, and 8 '*°Ar/̂ ^Ar dates of 
the basalt flows along the transect. Geochemical, isotopic and geochronological analysis 
of these closely spaced basalt fields provide the data used in ArcView, (Environmental 
Research Systems Institute product) to define the two dimensional geometry and 
orientation of the mantle boundary at depth and investigate spatial changes within the 
mantle source regions. Previous petrogenetic investigations of the Pliocene and 
Quaternary basalts in southwestern Utah and northwestern Arizona have been done at a 
regional scale and/or focus on regional interpretations of the relative uplift of the 
Colorado Plateau compared to the Basin and Range (Leeman and Rogers, 1970; Best and 
Brimhall, 1974; Parsons and McCarthy, 1995; Wenrich et al., 1995; Mattox, 1997;
Nealey et al., 1997; Nelson and Tmgey, 1997; Nusbaum et al., 1997). This is the first 
study to examine detailed chemical variations across the transition zone.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER 2 
BACKGROUND
The Transition Zone and Age of Uplift Along The Southwestern Margin of the Colorado 
Plateau;
Basaltic magmatism associated with continental extension began in the Basin and 
Range province at approximately 18 Ma (Fitton et al., 1988; Wenrich et al., 1995). 
Magmatism and extensional faulting migrated east-northeast fiom the Basin and Range 
towards the Colorado Plateau fiom 12 Ma to present (Best et al., 1980; Anderson and 
Bamhard, 1993; Wenrich et al., 1995). Uplift of the Colorado Plateau relative to the 
Basin and Range provmce occurred during late Tertiary time (Lucchitta, 1979; Hamblm, 
1984; Fitton et al., 1988).
Hamblin (1970a) classified basalt flows of the western Grand Canyon region, 
including the St. George Basm, on the basis of weathering, erosion and nature of the 
deposMonai surface. Hamblin (1984) recognized the geomorphic hnplication of the 
downcutting of the Grand (Zanyon and related it to his geomorphic classification of basalt 
flows, specffîcally in areas where basalt flows were cut by or covered 6ults. From these 
observations he suggested relative uplfit of the Colorado Plateau had occurred after 6.85 
Ma (Hamblm, 1984). Hamblin’s classification scheme has subsequently been verffîed by 
'*°Ai/̂ ^Ar and K/Ar dating techniques (Sanchez, 1995; Wenrich et al., 1995). Lucchitta
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(1979) demonstrated that the Hualapai Limestone Member of the Muddy Creek 
Formation was deposited between 5-6 Ma (K/Ar date) and that it had been 
uplifted 880 m relative to sea level, assuming the limestone was deposited in a marine 
environment. He suggested that the southwestern part of the Colorado Plateau bad been 
uplifted since the deposition of the Hualapai Limestone (Lucchitta, 1979).
Best and Brimhall (1974) proposed that upwelling of the asthenospheric mantle 
and erosion of the lithosphere during extension accounts for block faulting and basaltic 
magmatism in the transition zone. Hangingwall blocks moving along listric (?) faults 
created an elevation difference of 1100 m to 2070 m across the southwestern margin of 
the Colorado Plateau, producing the crustal boundary between the Colorado Plateau and 
Basin and Range province (Hamblin, 1970b; Lucchitta, 1979; Schramm, 1994).
Parsons and McCarthy (1995) suggest that mantle processes control the relative 
uplift of the southwest margin of the Colorado Plateau. They demonstrated that there is a 
mass deficiency in the mantle below the transition zone. Parsons and McCarthy (1995) 
suggested that the lithospheric mantle beneath the southwest margin of the Colorado 
Plateau was thinned and replaced by less dense asthenospheric mantle along with some 
thermal reduction in density. Bird (1984) proposed that as a result of the low-angle 
subduction of the Farallon Plate, part of the North American mantle lithosphere was 
scraped off, producmg isostatic imbalance and, therefore, î liffc of the Colorado Plateau. 
Axen et al. (1993) correlated space-time patterns of Tertiary extension and magmatism in 
the Basm and Range provmce. From then observations, they concluded that extension m 
the Basm and Range was triggered in late Paleogene time as a result of thermal 
weakenmg of the subducted Farallon Plate.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The Colorado Plateau is relatively undeformed by extension compared to the 
Basin and Range, while the transition zone has undergone less strain than the Basin and 
Range (Parsons and McCarthy, 1995; Stewart et al., 1997). The Basin and Range 
province contains highly extended fault-bounded blocks that may be moving on 
detachment faults, ductile shear zones at depth, or by translating motion along high angle 
normal faults which may include relay ramps (Wernicke, 1985; Stewart and Taylor,
1996). The Hurricane, Washington and Grand Wash faults are high-angle west dipping 
normal faults (Figure 1) (Schramm, 1994). The three foults change strike along their 
length; these fault bends may be significant in defining geometric segment and 
earthquake rupture boundaries (Stewart and Taylor, 1996). Geometric segment 
boundaries are evidenced by changes in foult geometry, slip direction and changes in fault 
offiet (Stewart et al., 1997). Earthquake segment boundaries are defined by reoccurrence 
of earthquake initiation or termination at a specific location (Stewart et al., 1997). 
Different earthquake segments have foult scarps of different ages (Schramm, 1994). 
Stewart and Taylor (1996) have identified both geometric segment boundaries and 
earthquake segment boundaries on the Hurricane fault. Although Hamblin (1970b) and 
Schramm (1994) suggested that motion on the Hurricane fault and the Grand Wash fault 
occurred contemporaneously, the relationshq) of the motion between the two foults has 
not been determined.
Previous studies suggest that early motion of the feults m the transition zone 
occurred in the late Miocene or early Pliocene lucchitta, 1979; (hunblin et al., 1981). 
Lucchitta (1979) constramed the age of first motion on the fitults by documenting 
stratigraphie separation between the fbotwall and hangmgwall. Hamblm et al. (1981)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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compared the relationship of basalt flows in the Grand Canyon region to the foults to 
constrain relative motion in the transition zone. Faulting has continued into the 
Quaternary as evidenced by 0.89 (± 0.2, là ) Ma basalts ( ‘*°Ar/̂ ®Ar whole rock dates) that 
are displaced 450 m by the Hurricane feult near Toquerville, Utah (Schramm, 1994; Biek, 
personal communication, 1999). Young fault scarps along the Hurricane feult (Stewart et 
al., 1997) and the 1992 S t George earthquake (Pearthree and Wallace, 1992) are further 
evidence of Quaternary motion.
Source Areas for Alkali Basalt:
Source areas in the mantle for alkali basalt can be determined by evaluating 
MgO, chromium and nickel concentrations and isotopic ratios. Primary magmas are 
characterized by: (1) high MgO (> 10 wt. %) content (2) high magnesium number 
(Mg # > 68 %) (Mg# = Mĝ " / Mg "̂ + Fe^^, (3) 200-400 ppm Ni, and (4) 170-310 ppm 
Cr (Leeman and Rogers, 1970; Fitton et al., 1988; Feuerbach et al., 1993; Mattox, 1997). 
Chromium and nickel are compatible elements that become preferentially incorporated in 
clinopyroxene and olivine respectively, during partial melting of the source (Leeman and 
Rogers, 1970; Nealey et al., 1997).
An ocean island basalt (OIB) is typically associated with an asthenospheric source 
and is isotopically characterized by high BNd(+2 to +6), low *̂ St/*̂ Sr (0.703), ̂ °*Pb^°^b 
= 17.5-21 and ̂ °^Pb/^°^b = 15.4-15.85 (Zmdler and Hart 1986). Compared to an 
asthenospheric source, the lithospheric mantle source is isotopically characterized by EKd 
< 1, *̂ Si/*®Sr > 0.704, and lower ̂ °^b/^°^b and ̂ °^Pb/^°^b ratios ̂ em an  and Rogers, 
1970; Feuerbach et al., 1993; Beard and Johnson, 1997; Nusbaum et al., 1997).
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Assimilation of the crust will shift the Pb isotopes to higher or lower values
depending on whether Mojave (lower Pb) or Arizona type crust (higher Pb) was 
assimilated (Figure 2) (Wooden and DeWitt, 1991). Crustal assimilation will also 
increase ̂ ®̂ Pb/̂ °̂ Pb and ̂ Sr/^Sr while lowering SNd (Nelson and Tmgey, 1997).
Alkali basalts are generated ftom mantle peridotite at pressures of 15-20 kbar at a 
depth of 50 to70 km, whereas thoIeiMc basalts originate at depths of35-50 km (Daley, 
1992; Feuerbach et al., 1993). Mid-Ocean Ridge Basalt (MORE) magmas are generated 
at lower pressures and shallower depths producmg tholeiitic basalts which are generally 
hypersthene normative, whereas higher pressure melting results in alkali basalts 
containing normative nepheline and/or olivine (Fitton and Leeman, 1991).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTERS
DESCRIPTION OF THE TRANSECT 
Seven basalt fields spaced between 2 to 20 km apart comprise the transect in this 
study (Figure 1). The fields are in a N30®E trending belt stretching from the Basin and 
Range across the transition zone and onto the Colorado Plateau.
Mud Mountam is the southwestemmost basalt field in the transect. It is located in 
the easternmost part of the Basin and Range provmce adjacent to the Grand Wash fault 
Geologic mapping by Billingsley and Workman (1998) identified 12 volcanic centers at 
Mud Mountain with lava generally flowing to the south or east (Figure 3). Several 
N10°W to N40°W striking dikes occur just west of the northernmost Mud Mountain vent 
(Point A, Figure 3). Three of the dikes were sampled, however two of the samples are 
highly contaminated probably by the underlying Moenkopi sandstone and have SiOz > 88 
w t % (MD98-2 and MD98-3; Figure 3). hi addition, sbc samples were collected from 
lava flows (Figure 3). Cole (1989) provided a K-Ar date of 4 (± 0.2) Ma for a basalt at 
Mud Mountam. Also using the K-Ar technique, Wenrich et al. (1995) dated Mud 
Mountam basalt at 5.5 (±1.1) Ma. An approxhnate maximum volume of Mud Mountain 
basalt calculated in ArcView is 63 km ,̂ assummg an average thickness of 30 m and an 
estimated area o f220 km  ̂(Appendix Q. The area was derwed flom my field maps and 
verified using a USGS Earth Resources Observation Systems (EROS) Data Centm
12
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satellite image and mapping compiled by Billingsley and Workman (1998). Thickness 
values are based on measurements at a well exposed section on southwest side of Mud 
Mountain in Cottonwood Canyon, where eight flows have an approxhnate total thickness 
of 30 m (Point B, Figure 3).
Neither Cole (1989) nor Wenrich et al. (1995) investigated the relationship 
between the Mud Mountain basalt and the Grand Wash feult. A geologic map of the 
Littlefield 30 x 60 minute quadrangle (Billingsley and Workman, 1998) shows normal 
offset of the easternmost side of the basalt on Mud Mountain by a segment of the Grand 
Wash fault (Billingsley and Workman, 1998). My field work shows that flows in Black 
Canyon are displaced by the Grand Wash fault (Point C, Figure 3). Basalt flows on the 
west side of Black Canyon occupy the drainage of Poccum Wash (Figure 4). On the east 
side of Black Canyon the same basalt flows crop out 100 m above the basalt on the west 
side. These exposures are separated by the Grand Wash fault (Figure 4).
Wolf Hole Mountam basalt flows lie 17 km northeast of Mud Mountain and 
1.5 km west of Seegmiller Mountain (Figure 1). Wenrich et al. (1995) dated Wolf Hole 
Mountam basalt at 3.1 (± 0.4) Ma (K-Ar whole rock dates). Four samples were collected 
fiom flows at Wolf Hole Mountam and four fiom Seegmiller Mountam (Figure 5). 
Billmgsley and Workman (1998) mapped eleven centers on Wolf Hole Mountain and 
four centers on Seegmiller Mountain. Lava flowed radially fiom the carters at both 
Seegmiller Mountam and Wolf Hole Mountam. At the north end of Wolf Hole Mountam 
there are about 40 flows, resultmg m a total thickness of approxhnately 130 m (Hamblin, 
1970a). The estimated area and volume for the Wolf Hole Mountam flows are 57.2 km  ̂
and 2.8 km \ respectively (Appendhc I). Four separate flows with an approxhnate total
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thickness of 20 m, an area of 24.5 km  ̂and volume of 0.49 km̂  are present at Seegmiller 
Mountain (Appendix I).
Geologic mapping by Billingsley (1993) demonstrated that basalt at the 
southeastern end of Seegmiller Mountam and underlying sedimentary units are displaced 
by a segment of the Washington fiiult (Point A, Figure 5). Additionally, Hecker (1993) 
documented displacement of up to 4.5 m of Pleistocene basalt on the Washington fault at 
this location. Northwest of Seegmiller Mountain the Washington fault strikes N30°E and 
displaces basalt flows about 200 m vertically and approximately 2 km laterally to the 
north (Billingsley and Workman, 1998) (Point B, Figure 5 and Figure 6).
The East Mesa flows are eight km northeast of Seegmiller Mountain. Three 
samples were collected fiom these flows (Figure 5). Two cinder cones and several dikes 
and plugs are the source for the flows at East Mesa. Exceptional exposure of these dikes 
and plugs provides the opportunity to study the mtemal plumbing of the vent system for 
the East Mesa basalt (Figure 7). At point C (Figure 5), a 5 m wide north-south striking 
dike cuts Triassic sandstone and swells to form a 20 m diameter bulbous plug about 100 
below the surfitce. A thin dike (3 m) extends above the plug and feeds overlying flows 
figure 7). One of the plugs contains pillows 1 m diameter (Figure 8). The pillow 
structures may be evidence that the Moenkopi shale was saturated with water durmg the 
emplacement of the plug. Dike orientation is parallel to the strike of the Hurricane Fault 
and mimics the bend in the Hurricane Fault figure 9). Sample DH98-7 was collected 
fiom a plug and DH98-5 fiom one of the dikes that feeds this plug (Figure 5). Another 
sample was collected fiom a lava flow (DH98-8) on the hangmgwall side of Dutchman 
Draw Fault, a splay of the Washmgton Fault (Figure 5). Billmgsley and Workman (1998)
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demonstrated that basalt flows in the northwestemmost part of the East Mesa are cut and 
displaced by a splay of the Dutchman Draw 6ult (Point D, Figure 5). I estimated about 
20 m of vertical of6et at this location.
The four flows that cap East Mesa have an estimated area of 11.75 km  ̂and 
volume of 0235 km̂  (Appendix I). Although some sur&ce features are evident, the 
flows are eroded and dissected. Wemich and others (1995) dated East Mesa basalt at 
1.4 Ma, ±0.25 (K/Ar whole rock date with a 2cr error).
The Hurricane Wash basalt lies one kilometer to the east of the East Mesa basalt 
field (Figures 1 and 9). Three samples were collected from the lava flows and one fiom a 
plug adjacent to the Hurricane fault. The plug is the only source discovered in the 
Hurricane Wash basalt field. The area and volume of the Hurricane Wash basalt field is 
estimated at 8.17 km  ̂and 0.163 km  ̂respectively, using an average thickness of 20 m 
(Appendix I).
The Hurricane Wash basalt crops out at a major change in strike along the 
Hurricane fault, firom N20E to N20W (Figure 9). Billingsley and Workman (1998) 
mapped the Hurricane Wash basalt and show displacement of the basalt by several 
normal 6ults, resulting m a narrow (240 m) graben (Figure 10). Because the Hurricane 
Wash flows are dissected by normal 6ults and have been eroded by Hurricane Wash, the 
relationship of the Hurricane Wash basalt to the Hurricane 6ult cannot be uniquely 
defined. Flow direction mdicators in the basalt (imbricated elliptical vesicles with a 
major axis strikmgN70°E) suggest that the basalt flowed east toward the Hurricane 
escarpment (Figure 9). The youngest flows may have cascaded over escarpments related 
to the west side of the graben and then ramped against a plug adjacent to the Hurricane
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fault (Figure 10). It appears that Suiting and volcanism at this location may have 
occurred contemporaneously. This observation is based on the relationship between 
basalt flows and boundary faults of the graben. Older flows appear to be cut by graben 
faults whereas younger flows cascade over graben boundary &ults. The relationship 
between the graben and the Hurricane Fault is speculative, but my conclusion that 
faulting and volcanism are coeval is based on the assumption that they are genetically 
related.
Other basalt fields sampled in this study lie to the east of the Hurricane Fault on 
the Colorado Plateau and include Little Creek Mountain, Cinder Pits and Crater Hill 
(Figure 11). Little Creek Mountam and Cinder Pits cinder cones lie 25 km to the 
northeast of the Hurricane Wash basalt field. Cinder Pits and Little Creek Mountain 
cinder cones have not been previously sampled for detailed geochemical or 
geochronological analyses.
Lavas fi:om the Cinder Pits cone flowed west toward the Hurricane foult and 
appear to have flowed mto Frog Hollow, a drainage on the Hurricane escarpment (Point 
A, Figure 11). Two samples were collected finm the Cinder Pits flows and one in Frog 
Hollow (Figure 11). It is difScult to count the number of flows firom the Cinder Pits 
cone, except Wiere th ^  have been «coded. I estimated a maximum total thickness of 
10 m, of vertical section m a drainage to the west of the cone, where 3 separate flows 
were visible. This measurement was used to calculate an approximate area of 1226 km  ̂
and a volume of 0.122 km  ̂(Appendix I).
At Little Creek Mountain three samples were collected (Figure 11). Four flows 
on the western margin oftfae field fimn a mesa to the east of the Cinder Pits cone ̂ om t
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B, Figure 11). Basalt erupted from the boca on the northwest side of the Little Creek 
cinder cone and flowed approximately 2 km to the northwest. Flows also erupted from a 
fissure striking N30W (Figure 11). Along the fissure, abundant lapilli sized scoria, 
volcanic bombs, agglutinate mounds and rootless flows suggest the presence of vents.
The fissure and a possible foult are more apparent on aerial photographs than in the field 
(Figures 11 and 12). At Little Creek cinder cone a 30 m escarpment is present but does 
not cut the cone. The cinder cone covers the escarpment and conceals it to the southwest. 
An average total thickness of 10 m was used to calculate an approximate maximum area 
of 8.1 km  ̂and a volume of 0.081 km̂  for Little Creek Mountain basalt field 
(Appendhc I).
Crater Hill cinder cone lies 13 km northeast of Little Creek Mountam in Zion 
National Park (Figure I and 11). There are three cmder cones at Crater Hill volcanic 
field, which young to the north. The oldest is northwest of the town of Grafton, a second 
is southeast of Crater Hill and the best preserved is Crater Hül cinder cone m Zion 
National Park (Nielson, 1976). Basalt flowed south and then west fix>m Crater Hill down 
the Virgin River Valley toward the Hurricane foult (Best and Brunhall, 1970). Four 
samples were collected from Crater Hül flows (Figure 11). Eight flows can be defined at 
the southern margm of the volcanic field along the Virgm River Valley (Point C, Figure 
11). Older flows have columnar jomtmg and are separated from the younger flows by 
erosional surfiices. Younger flows are massive with the uppermost flows still retaining an 
A'a surfoce, pressure ridges and vesicular lava. I esthnate a volume of 1.08 km  ̂and an 
area o f36.38 km  ̂assuming a average total flow thickness of 30 m (Appendhc I). Nelson
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and Tingey (1997) dated Crater Hill basalt at approximately 1 Ma (K-Ar whole rock 
dates).
Basalt flows just south of the transect in the Grand Wash Trough were 
investigated by Cole (1989) and Wenrich et al. (1995). Their work and studies by 
Hamblin (1970a) and Best and Brimhall (1974) suggest in general that basalt becomes 
younger to the northeast (Figure 13). According to Hamblin’s geomorphic classification. 
Mud Mountain, Wolf Hole Mountain, Seegmiller Mountain and Hurricane Wash basalts 
are categorized as Stage I. These flows sit 300 to 500 m above the present drainage and 
are significantly dissected and eroded with very little evidence of cinder cones. On the 
Colorado Plateau Little Creek Mountain, Cinder Pits and Crater Hill are classified as 
Stage m basalts, sitting 5 to 30 m above the present drainage with the cinder cones still 
intact. These flows have well-developed margins and surface features (Hamblin, 1970a).
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Figure 4. Poccum Wash m Black Canyon showûig Mud Mountain basait separated 
about 100 m by the Grand Wash fault Location C on Figure 3.
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Hgure 6 . Photograph of the Washington Fault cutting Seegmiller Mountain basalt 
Location at point B on Figure 5.
Figure 7. Alkali-basalt-dikes, plugs and flows of the EastMesa basalt field. Photo 
talœnatpomtConFigureS. Dike mtrudesTiiassicMbenfaipt sandstone and swells 
mtoaplug. Thin dikes extmid fiom the plug to ovexlying flows.
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Figures. Close up of alkali-basalt plug with pillow stroctures at East Mesa, 
location C on figure 5.
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Hguœ 10. Basalt flows (right) ramp against the margm of a basalt plug m 
Hurricane Wash. (Location A in figure 9.)
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CHAPTER 4
ANALYTICAL METHODS
Geochemistry:
All geochemical analyses were performed on whole rock samples. Each sample 
was ground into chips (-0.5 cm )̂ of fresh, unweathered rock using the Braun jaw crusher 
equipped with tungsten carbide jaws. Then 50-70 ml of the chips were powdered for 2 
minutes m a Bico shatter box composed of tungsten carbide rings and bowl. Rare-earth 
element (REE) analyses for 25 samples were completed at the GeoAnalytical Laboratory 
at Washington State University. The University of Kansas Isotope Geochemistry 
Laboratory analyzed 13 samples for Nd, Sr and Pb isotopes.
Major and trace element analyses were performed on 32 powdered samples by 
making fused glass disks. Each disk was prepared by mixing 1.7000 g of sample, 8.5000 
g of lithium tetraborate (Li2B4 0 7 ), and 0.274 -03 g of ammonium nitrate (NH4NO3). All 
reagents were measured to ± 0.0005 g. Then each sample mhcture was placed in a gold- 
platinum (Au/Pt) crucible and heated at 1100° C for 30 mmutes. Samples were poured 
into an Au/Pt mold and left to cool on a hot plate (250° C) until the glass disk could be 
removed from the mold. Each disk was stored in a desiccator prior to analysis
29
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X-ray fluorescence analysis of major oxides and trace elements was completed at the 
University of Nevada, Las Vegas using the Rigaku 3030 X-ray Spectrometer. Calibration 
of the spectrometer was based on internal standards (AGV-I, MA-N, BE-N,
STM-1, DNC-1 for major oxides and G-2, GH, BE-N, SCo-1 for trace element analyses). 
United States Geologic Survey standards (GA and MAG-1) were run as unknowns and 
compared to published values (Govindaraju, 1994). Rare-earth elements were analyzed 
using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) at Washington State 
University. Isotope (Sm/Nd, Rb/Sr and U/Pb) analyses were conducted at University of 
Kansas Isotope Geochemistry Laboratory, using methods described in Feuerbach et al. 
(1993). Chemical and isotopic analyses are listed in Appendix H. Geochemical data was 
plotted using Igpetwin software developed by Carr (1994).
Geochronologf:
'*°Ar/̂ ^Ar step heating techniques were used to date eight samples at the Nevada 
Isotope Geochronologr Laboratory, hiitial preparation of each sample (1-2 mm chips) 
required olivine and glass to be separated by hand, to avoid excess trapped (mantle) or 
atmospheric argon, respectively. An irradiation package was assembled containing-1 g 
of sample and -1 g of standards (92-176, CaFz, K-glass). Each sample and standard was 
wrapped in aluminum fod and stacked m a glass tube, î diich was sent to the nuclear 
reactor at the Nuclear Science Center at Texas A&M University for hradiation. A 
description of°Ar/^^Ar procedures is presented in Appendix IV.
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Geographic hiformatioa Systems:
Spatial modeling in Geographic hiformation Systems (ArcView) is accomplished 
with raster data sets. Each grid cell in the data set has a specified numeric value and 
therefore can be mathematically manipulated. The grid cells not only contain numeric 
values but also geographic referencing information (i.e. latitude and longitude 
coordinates) (Nyerges, 1993). The spatial models created in this study are based on point 
geochemical concentrations (wt %, ppm) or isotopic ratios obtained firom this study and 
the literature. The point concentrations or ratios were interpolated into raster data sets 
using several available mathematical interpretations. Inverse distance weighting (IDW) 
and spline interpolation methods are incorporated in the standard ArcView analysis menu 
of the graphic user interfece (GUI). Trend and Kriging analysis required programming in 
Avenue (ArcView script language).
Inverse distance weighting (IDW) analysis in ArcView involves interpolation of 
grid cells between actual data points based either on a fixed radius or a number of nearest 
neighbors specified by the user. A power and barrier theme can also be chosen. The 
equation used in IDW analysis (Environmental Systems Research histitute [ESRI], 1998). 
is as follows:
y= E Xjdj'° Xi = pomt concentrations
Z di di = distance firom nearest
neighbors
taax -u = specified power
where, Z =  Z y = mterpolated grid cell
i=l between point 
concentrations 
imax= number of nearest 
nei^rbots
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This equation assumes that each data point has the most influence on the grid cells closest 
to it. Influence on each grid cell diminishes with distance from the data point as a 
function of a specified power. A higher power results in less influence from points 
further away from the data point grid cell. The inverse distance weighted surfaces 
modeled in this study used 1 0  nearest neighbors, a power n = 2  and no barriers for the 
regional data interpretations. When interpolating the geochemical data from this study 
only, a barrier theme was used to isolate the transect. The barrier theme is simply a line 
feature (geographically referenced) which prevents the interpolator from producing values 
outside its scope. Many different combinations of nearest neighbors and power 
coefficients were calculated using inverse distance weighting analysis and the results 
where not significantly affected.
The spline method of contouring involves extrapolation of the data beyond the 
actual data points and fitting a minimum curvature surface to the data (ESRI, 1998).
There are two methods in the spline technique, tension and regularized. Tension tunes 
the stiffiiess of the surfece according to the character of the modeled phenomenon (ESRI, 
1998). A weight parameter defines the stiffiiess of the curve. The Regularized option 
creates a smooth surfece using the weight parameter to define the weight of the third 
derivatives of the surfece in the curvature minimization expression (ESRI, 1998). The 
user can specify the number of pomts per region used for local approximation.
Trend analysis is a least squares regression fit to the data points. The resulting 
surface minimizes the variance between the data points and the output surfrtce (ESRI, 
1998). The generated surfece rarely passes throu^ data points because h calculates the 
stun of the squares of the difference between the actual and estimated values reducing the
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difference as much as possible (Cressie, 1993). Trend analysis was accomplished via an 
Avenue script (Appendix VI).
Kriging analysis is a specialized method of interpolation that assumes there is a 
spatial correlation between the data points (Oliver, 1990). Kriging fits a mathematical 
function (Figure 14) (ESRI, 1998) to the data points and then introduces a random 
variance variable into the data to account for statistical drift. There are several steps to a 
Kriging analysis; statistical analysis of the data, variogram modeling, and creating the 
surface containing the random variance values. Kriging analyses were accomplished 
through Avenue scripts (Appendix VI). Figures 15 a-e show Kriging analysis of SiOj 
(wt %) using all the mathematical functions. All of the Kriging techniques produce 
similar concentration surfaces. Spline tension and Inverse Distance Weighting (IDW) 
analysis of SiOi (wt. %) produce surfaces that show more variance m the data but the 
general trends are similar to those produced by Kriging (Figure 16 a and b). A 
comparison between IDW and spline tension methods (Figure 17), using SiOz (wt. %) 
shows the difference between the two models. Figure 18 compares the difierence 
between spline tension and several of the Kriging analyses. The departures between the 
models are a function of extrapolation. Inverse distance weighting analysis was chosen as 
the preferred mterpolation method for this study, because it does not extrapolate beyond 
the values in the data or introduce any imaccoimtable variance to the data. Therefore,
IDW produces the safest, simplest and most geologically meaningfiil surfoces.
A problem m interpolating data that occurs m a linear pattern is that contours will 
tend to plot perpendicular to the trend of the samplmg stations. Geochemical data for 25 
samples firom volcanic fields in a broad area north and south of the transect, therefore.
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were added to the database (Figure 19 and Appendix DI) to reduce the influence of the 
narrow linear transect Two-dimensional surfaces developed using the 52 samples 
(27 from this study and 25 regional) replicate the results developed using transect data 
with only mmor changes in the orientation of the contom boundaries (Figure 20). The 
geochemical transition in the regional analysis is less affected by the narrow linear nature 
of the transect, because sample sites are more widely distributed.
Three-dimensional inverse distance weighted models are calculated with the same 
parameters as above, however a z-factor is used to portray the surfaces in the third 
dimension. The primary base theme used in ArcView is a digital elevation model (DEM) 
of elevation within the regional domain. The x-y scale for the regional DEM is in 
decimal degrees which resulted in a grid cell size m ArcView of approximately 0.006889 
decimal degrees squared. ArcView automatically provides an elevation scale in decimal 
degrees, therefore a z-factor o f0.00005II is used to convert elevation to meters in the 
models. For the 3-D concentration surfaces a z-factor of0.0001 was used to accentuate 
the highs and lows in the data.
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(d) exponetial Krigmg and (e) gaussian Krigmg
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CHAPTERS
DATA ANALYSIS
Geochemistry:
Volcanic rocks at Mud Mountain, Wolf Hole Mountain, Seegmiller Mountain, 
Hurricane Wash, Little Creek Mountain and Crater Hill (Appendix II) are classified as 
alkali basalt on a total alkalies vs. silica (TAS) diagram (LeBas et al., 1986) (Figure 21). 
East Mesa basalt flows are trachybasalt (Figure 21). The most primitive samples (MgO > 
11 wt. %, M ^ > 60) in the transect are WD98-I and MD98-7 from the Wolf Hole and 
Mud Mountain fields, respectively (Figure 22a and 22b). Little Creek basalt has the 
highest silica content (51.8, % SiOz) of the basalt fields in the transect. Samples 
collected from dikes and plugs in the transect are MD98-2,3,6, DH98-5, and DH98-1,7, 
respectively. MD98-2 and 3 are highly contaminated by the underlying Moenkopi 
sandstone (Si0 2 > 8 8  wt. %) and where not used for interpretations. One of the samples 
from Wolf Hole Mountain (WD98-4) consistently plots apart from other Wolf Hole 
Mountain samples in all of the geochemical plots (Figures 22-24 and 26). All of the 
samples have normative plagioclase compositions of Anno to Anss and are leucite and 
nepheline or hypersthene normative (<4 Ic + neto < 18 hy) (Figure 23). Wolf Hole and 
East Mesa basalts are leucite and nepheline normative, the other basalt fields m the 
transect are hypersthene normative.
43
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hi hand sample, transect basalts are composed of an aphanitic plagioclase matrix 
composed of plagioclase laths and olivine phenocrysts (0.1 -  5 mm). In thin section, 
glass and olivine can be identified in the matrix as well as clinopyroxene, olivine and iron 
oxide phenocrysts. Table I contains average modal analyses for basalt from each field.
SiOo ranges from 46.2 to 51.7 (wt %); SiO% concentration generally increases 
onto the Colorado Plateau while MgO varies from 2.97 to 13.68 wt % across the transect 
in a random fashion, as do most of the major oxides (Figure 24). Magnesium number 
(Mg#) varies from 69 to 35, but there is no correlation with location in the transect.
AI2O3 and Na2 0  decrease as Mg # increases and the compatible elements Ni and Cr both 
increase with increasing Mg #. There is no correlation between Ni and Cr concentrations 
and position in the transect (Figure 25). Although, there is much overlap, large ion 
lithophile (LIL) and high field strength element (HFSE) concentrations in general 
increase from the Basin and Range towards the Colorado Plateau (Figure 26a-d).
Normalizing the incompatible trace element and rare-earth element (REE) 
concentrations of the samples to primitive mantle (Carr,1994) (Figure 27), shows large 
ion lithophile (UL; Ba, Th), light rare-earth element (LREE; La, Ce) and high field- 
strength element (HFSE; Nb) enrichment relative to the heavy rare-earth elements 
(HREE; Yb, Lu). Troughs occur at Cs, Rb, and K and Pb is enriched with respect to 
primitive mantle.
A summary of isotopic ratios ferthe samples from each basalt field is listed m 
Table 2. Mud Mountain basalt in the Basm and Range has the highest SKd (425) and 
lowest “ W > b  (15.506), ̂ '^ b / '^ b  (38.065) and '"Sr/“ Sr (0.703913) in the transect. 
East Mesa basalt in the transition zone has the lowest value (17.822). Across
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the transect varies from 0.512457 to 0.512854 (Gwd -3.47 to 425), ’̂ Sr/̂ ^Sr
from 0.703913 to 0.705696, -°‘̂ Pb/̂ “̂ Pb from 15.506 to 15.605, and ̂ °®Pb/̂ °̂ b from 
17.822 to 18.494. S^d decreases onto the Colorado Plateau, while *̂ Sr/*̂ Sr, "°̂ Pb/“‘̂ Pb
and ̂ °^b/^°^Pb increase (Figure 28a and b). Samples from Mud Mountain, Wolf Hole 
Mountain and Hurricane Wash fall in the mantle array (OIB) of Fitton et al. (1991), while 
East Mesa, Little Creek and Crater Hill resemble the average Colorado Plateau isotopic 
composition (Figure 29a). All samples plot above the Northern Hemisphere Reference 
Line (Figure 29b) and reflect decreasmg ̂ °^Pb/^°^b with ̂ °^b^°*/Pb.
Geographic Information Systems:
Two and three-dimensional interpolated surface models were developed in 
Arc View to spatially display changes in major and trace element concentration and 
isotopic ratio across the transect and adjacent areas, hiterpolation of geochemical data 
using inverse distance weighting analysis to create surfaces in GIS is a powerful tool to 
visualize geochemical variation and to image boundaries m the mantle. Ideal for this 
study are alkali basalts, because they originate m the mantle over a limited range of depth, 
they rise to surface extremely rapidly through fast paths in the brittle crust (generally 
vertical) and therefore are not appreciably affected by crustal contamination. Any 
variation in isotopic ratios or incompatible element concentrations, therefore, reflect 
chemical variability of their mantle source.
Plots of large ion lithophile (LILE) or light rare-earth elements (LREE) (Th, Ba or 
La) vs. high-field strength elements (HFSE) or Ta) are diagnostic of mantle source.
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Sources m the lithospheric mantle are depleted in HFSE, and enriched in r.TT.F and LREE 
compared to asthenospheric sources. HFSE depletion records the involvement of a slab 
component in the lithospheric mantle; conversely, asthenospheric sources are relatively 
enriched in HFSE. I used the Nb/La ratio as a monitor of compositional variations in the 
mantle. This ratio is an excellent indicator of mantle composition (Fitton and Leeman, 
1991), because both Nb and La are incompatible; therefore, the ratio is insensitive to 
partial melting and crystal fractionation. Generally, basalts on the Colorado Plateau have 
Nb/La<I .1 and basalts in the Basin and Range >1.1 (Figure 30a-d). The boundary 
(plotted as Nb/La = 0.9-1.1 on Figure 31) between higher Nb/La typical of an 
asthenospheric source and lower ratios ̂ ic a l of a lithospheric mantle source occurs 
geographically within the Wolf Hole Mountain basalt field (Figures 30a-d and Figure 31). 
On 2-D plots, Nb/La contours of 0.9-1.1 define an irregular northwest trending boundary 
with Colorado Plateau type lithospheric sources to the north and Basin and Range ̂ e  
asthenospheric sources mainly to the south (Figure 31). Islands of higher and lower 
Nb/La may reflect the heterogeneity of the mantle. It is not clear how to extend the 
boimdary at its southeast end. It may continue to the southeast toward the Grand Canyon 
or turn to the south along the Hurricane Fault (Figure 32). Arc View plots of La (Figure 
32a), Sm (Figure 32b), Lu/Hf (Figure 32c), Zr (Figure 33a), Sr (Figure 33b), Th/Nb 
(Figure 34a) Ce/Y (Figure 34b)and SiOz (Figure 16b) also show a northwest trending 
boimdary. Each element or ratio places the boundary in approximately the same 
geographic location as the boundary defined by Nb/La.
Three-dhnensional models developed in ArcView illustrate the geochemical 
variation m the mantle as a surfece. On Figure 35, the variations of SiOi and Nb/La are
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plotted below (not at depth) the crustal boundary represented by the digital elevation 
model (DEM). There is a z-factor or vertical exaggeration used in both the DEM and the 
concentration surfaces. Three dimensional models are a conceptual interpretation of 
mantle surfaces that may be more effective in portraying chemical variation than 2-D 
plots.
Geochronology:
Step heating data and age spectra for eight samples are listed in Appendix V and a 
summary of usable dates is listed m Table 3. Samples were collected to give maximum 
information about the age of fault displacement. For young basalts the radiogenic gas 
yield (% ^®Ar/*°Ar*) is very small compared to the initial gas yield (̂ ®Ar/*°Ar), therefore 
all the data points cluster around the y-mtercept on an inverse isochron. To develop an 
isochron, the line must be extrapolated through the data points to the x-intercept, however 
the line is only valid if the mean square weighted deviation (MSWD) is equal to or less 
then 2.5 (T. Spell, personal communication, 1999). The MSWD is a standard goodness 
of fit parameter, which indicates how far off the isochron line the data points fall 
(Gansecki et al., 1998). The definition and derivation of a plateau age is defined in 
Appendbc V.
Sample ̂ ^Ar/*°Ar was collected from a flow at Mud Mountain m the hangingwall 
of the Grand Wash foult It produced a total gas age of 5.03 Ma (b 0.188,2 a). A plateau 
is defoied in the age spectra for MD98-9 (Appendix VI) producmg an age of 4.56 Ma (± 
0.049,2 a). The analysis did not provide a valid isochron (MSWD >2.5). Themverse 
isochron y-mtercept (‘°Ai/̂ ®Ar) mdicates an atmospheric value of299.04 ( t  03%),
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compared to the standard atmospheric C*°Ar/̂ ®Ar) value o f295.6 suggesting that there is 
no excess mantle argon affecting the age.
Samples WD98-5 and SD98-1 were collected from Seegmiller Mountain basalt in 
the transition zone. WD98-5 from the hangingwall side of a segment of the Washington 
fault (Figure 5) produced a total gas age of 3.47 Ma (± 0.135,2 cr) and a plateau age of 
3.41 Ma (± 0.063,2 a). The isochron is not valid but the ‘*°Ar/̂ ^Ar intercept confirmed 
that no excess argon is present in the sample. SD98-1, from the hangingwall of the 
Washington fault (Figure 5), produced a total gas age of 4.17 Ma (± 0.180,2 a) and a 
plateau age of 328 Ma (± 0.055,2 ct). The isochron is not valid (MSWD =117), 
however the atmospheric intercept is 303.3 (± 0.62%), confirming that the dates are not 
influenced by excess mantle argon.
Sample DH98-3 was collected from a flow at Hurricane Wash adjacent to the 
Hurricane fault The total gas age for this sample is 5.16 Ma (± 028,2 a), however, a 
valid isochron (MSWD < 2) or plateau is not defined. DH98-8, collected in the 
hangingwall of the splay of Dutchman Draw fault at East Mesa did not produce a plateau, 
isochron or valid age spectra. The total gas age 8.49 Ma (± 1.0,2<r) of sample DH98-8 is 
not consistent with field evidence (Stage HI) that suggests that East Mesa basalt is 
yoimger than the Hurricane Wash basalt and a date of 1.4 Ma (Wenrich et al, 1995 
- K/Ar ), therefore the ‘*°Ar/̂ ®Ar date is not considered to be valid.
The following samples were collected from the basalts on the Colorado Plateau. 
Sample LD98-1 was collected finrn a flow at Little Creek Moimtam. A total gas age of 
0.44 Ma ( i  0.16,2 a) is calculated andaplateau age of 0345 Ma (± 0.015,2 cr) is also 
determined from the step heating analysis. A valid isochron was not generated; however.
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the ‘*°Ar/̂ ^Ax intercept is 303.0 (± 0.3%) and indicates that no excess argon is present in 
the sample. Sample LD98-5 from a flow at Cinder Pits on the Colorado Plateau produced 
a total gas age of 0.51 Ma ( i  0.16,2 a). LD98-5 produced a valid isochron (MSWD = 
0.78) (Appendix V), giving an age o f278 ka (dt 0.018,2 a). The ̂ Ar/^^Ar (y-intercept) is 
2942 (± 0.4%) for LD98-5, therefore no excess argon is present in the sample. Sample 
CD98-5 was collected from a flow near the oldest vent at Crater. This sample produced a 
total gas age of 2.89 Ma (± 032,2 a). The isochron is not valid but the ‘*°Ar/̂ ®Ar 
intercept is 289.8 (± 0.3%) confirms that no excess argon is in the sample. A plateau age 
could not be determined for this sample. The total gas age of for this sample does not 
correspond to the previous date of 1.1 Ma (± 025 2a) acquired by Nelson and Tingey 
(1997), collected from a flow near the youngest cone.
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Figure 27. Primitive mantle (Sun and McDonald, 1989) normalized spider diagram. 
Large ion lithophile QJL; Ba, Th), light rare-earth elements (LREE; La, Ce) and high 
field strength elements QIFSE; Mb) are enriched relative to heavy rare-earth elements 
(HREE; Yb, Lu). T ro u ^  occur at Cs, Rb, and K, while Pb is enriched with respect 
to primitive mantle.
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Table 1. Average Modal Composition of Transect Samples Determined by Pétrographie Analyses.
In hand sample, all specimens contain olivine phenocrysts (0 .1-5  mm diameter) in an aphanitic matrix 
containing plagioclase laths.
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Samples Olivine
Phenocryst
Cpx
Phenocryst
Plagioclase
Phenocryst
Fe-Ti
oxides
Plagioclase
Matrix
Olivine
Matrix
Glass
Matrix
sericite/
iddingsite
MD98
Mud
Mountain
5 -2 0 % 
anhedral 
I -5mm
0-5% 
subhedral 
< 1mm
5-10% 70-85%
0 .1  -  Imm 
laths
2-3%
microlitic
2-3%
microlitic
0 -2 %
WD98 
Wolf Hole 
Mountain
25-30% 
anhedral 
1 - 2 mm
2-3 % 
subhedral 
< Imm
3-5 % 60%
0.1 -  Imm 
laths
2-3%
microlitic
2-3%
microlitic
SD98
Seegmiller
Mountain
20-30% 
anhedral 
1 -  3mm
0 -2 % 
subhedral 
< Inun
2-7 % 60-75 %
0.1 -0.5mm 
laths
2-5 % 
microlitic
2-3%
microlitic
DH98(EM) 
East Mesa
0 -2 0 % 
anhedral 
1 - 2 mm
1-4% 
subhedral 
< Imm
0 - 2  %
euhedral
l-2 mm
3-5 % 75-90 % 
0 .1  -  1mm 
laths
0-5 % 
microlitic
2-3%
microlitic
0 -2 %
DH98
Hurricane
Wash
2 0 % 
anhedral 
1 - 2 mm
0 -2 % 
subhedral 
< Imm
0-5 % 
euhedral
1-2 mm
5% 65-70 % 
0 .1  -  1mm 
laths
0-5 % 
microlitic
2-3%
microlitic
LD98
Little Creek
5-10% 
anhedral 
1 mm
0 - 2  % 
subhedral 
< Imm
5% 80-85 % 
0.1 -  Imm 
laths
0-5 % 
microlitic
2-3%
microlitic
CD98 
Crater Hill
10-15% 
anhedral 
1 - 2 mm
0 - 2  % 
subhedral 
< 1mm
2-5 % 70-85 % 
0.1 -  Imm 
laths
5%
microlitic
2-3%
microlitic
a
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Table 2, Summary of Isotope Analyses.
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Basait
Field
’'’̂ d /" ’'’Nd GNd 206pb/204pb 2dy?b/2(Mpb 20bpb/2O4pb "̂ Sr/"̂ Sr
Mud
Mountain
0.512680 to 
0.512854
0.85 to 4.25 17.962 to 
18.184
15.506 to 
15.522
38.065 to 
38.105
0.703913 to 
0.704468
Wolf Hole 
Mountain
0.512519 to 
0.512758
2.4 to -2.28 18.209 to 
18.362
15.519 to 
15.556
38.26 to 
38.455
0.703962 to 
0.705696
East Mesa 0.512702 to 
0.512572
1.29 to -1.23 17.822 to 
18.141
15.531 to 
15.517
38.167 to 
38.47
0.704374 to 
0.704301
Hurricane
Wash
0.512691 to 
0.512706
1.09 to 1.33 18.063 to 
18.174
15.519 to 
15.577
38.116 to 
38.47
0,704178 to 
0.704446
Little
Creek
0.512457 to 
0.512523
-2.2 to -3.47 18.278 to 
18.494
15.536 to 
15.605
38.121 to 
38.329
0.704674 to 
0.704877
Crater Hill 0.512651 -1.45 18.278 15.531 38.140 0.704465
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Table 3. Age Determinations for Samples Collected Across the Transect.
Sample
Location
Total gas age 
Ma (± 2 o)
Isochron age Ma 
(±2 a), (MSWD)
Plateau age «Ar/“ Ar
Atmospheric
intercept
Date used for 
analysis in this 
study
MD98-9 
Mud Mountain
5.03 (± 0.188) ♦ 4.56 (± 0.049) 299.04 (± 0.3%) 4.56 (± 0.049)
WD98-5
Seegmiller
3.47 (± 0.47) * 3.41 (±0.063) 296.56 (± 1,1%) 3.41 (±0.063)
SD98-I
Seegmiller
4,17 (±0.180) ♦ 3.28 (± 0.055) 303.3 (± 0.62%) 3.28 (± 0.055)
DH98-3
Hurricane Wash
5.16 (± 0.367) ♦ ♦ 289.8 (± 0.6%) 5.16 (± 0.367)
DH98-8 
East Mesa
8.49 (± 1.1) * * * NONE
LD98-I 
Little Creek
0.44 (±0.160) * 0.345 (± 0.015) 303.0 (± 0.3%) 0.345 (±0.015)
LD98-5 
Cinder Pits
0.51 (± 0.160) 0.278 (± 0.018), 
(0.78)
* 294.2 (± 0.4%) 0.278 (±0.018)
CD98-5 
Crater Hill
2.89 (± 0.320) ♦ * 289.8 (± 0.3%) NONE
* Blank spaces reflect no analysis for the specified sample. Details are listed in Appendixes IV and V.
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CHAPTER 6
INTERPRETATIONS
Spatial Relationship Between the Mantle Boundary and the Cnistal Boundary;
An objective of this investigation is to determine whether the physiographic and 
structural boundary between the Basin and Range and Colorado Plateau is coincident 
with the compositional boundary m the mantle. The mantle transition clearly crosses the 
transition zone at high angle (Figures 32 and 36). Alkali basalts have a lithospheric 
mantle signature to the north of the boundary both in the Colorado Plateau and Basin and 
Range and an asthenospheric signature to the south. The lack of spatial correlation 
between these two features suggests that they are not genetically linked. As suggested by 
Smith et al. (1999), the mantle boundary may reflect a boundary older and more 
fundamental than the present-day physiographic and structural transition between the two 
provinces.
The northwest and southeast projections of this boundary are speculative. To the 
south, the boundary may connect with a major Early Proterozoic lithospheric boundary 
defined by Nd studies (Bennett and DePaolo, 1987) and the boundary zone between 
Mojave and Arizona-Colorado-New Mexico Pb cnistal provmces defined by Wooden and 
DeWitt (1991) (Figure 2). Smith et al. (1999) suggested that these boundaries project
68
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firom western Arizona to the north into southwestern Utah and connect with a mantle 
chemical transition recognized by them in the Hurricane Volcanic Field. Alternatively, 
the boundary may project to the southeast towards the Grand Canyon area where major 
northwest-trending shear zones defined by penetrative SI foliations are found in the 
Paleoproterozoic basement rocks (Karlstrom, 1996) (Figure 36). The northwest 
projection of the boundary is even more speculative. Geophysical studies in the eastem 
Basin and Range of Nevada indicate thicker crust and lower heat flow than both the 
western and southeastem Basin and Range suggesting that thick mantle lithosphere 
similar to that of the Colorado Plateau has been preserved (Allenby and Schnetzler, 1983; 
Jones, 1987). I suggest that the eastem Basin and Range is underlain by Colorado Plateau 
type lithosphere and the southern boundary between it and typical Basin and Range 
lithosphere is the extension of the mantle boundary reported in this study 
(Figure 36).
The age of the mantle boundary is unclear. Several authors favor a Pliocene or 
Miocme age for the boundary. Nusbaum et al. (1997) and Wenrich et al. (1995) suggest
that the progressive increase in End fî om older to younger basalts in the transition zone 
represents the replacement of low Ĝ d lithospheric mantle with tq>wellmg asthenospheric
mantle during the Pliocene. Nealey et al. (1997) suggest that lithospheric mantle can be 
transformed into asthenospheric mantle with elevated temperatures and that young 
lithospheric chemical signatures resemble asthenospheric signatures. Parsons and 
McCarthy (1995) suggest that processes in the mantle are related to relative of the
Colorado Plateau and development of the crustal boundary. T h ^  suggest that the mantle
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boundary developed in the Miocene at the onset of extension (18 Ma). Favoring an older 
age for the mantle boundary are Smith et al. (1999). Based on spatial patterns and isotope 
geochemistry, they suggested that the mantle boundary is a Precambrian feature that is 
more fondamental than the crustal boundary. The lack of coincidence between the mantle 
boundary and the transition zone demonstrated by my work provides additional evidence 
that the lithospheric boundary is not genetically linked to the crustal boundary and 
perhaps is an older feature.
Petrogenesis of Volcanic Centers:
Variations in the compatible elements (Cr and Ni) within each volcanic field show 
decreasing Cr with decreasing Ni. Wolf Hole Mountain has the largest range of Cr (750- 
420 ppm) and Mud Mountam the largest range of Ni (350-50 ppm) (Figures 37-40).
Compatible element variation can be modeled by fiactional crystallization. The 
models are based on the phenocrysts (olivine, clinopyroxene and iron oxides) observed in 
thin section (Table 1) for each of the volcanic centers figures 37-40). The compatible 
elements Cr and Ni are partitioned into clmopyroxene and olivine, respectively. Fe, Mg 
and Ti are partitioned into iron oxides like magnetite. Fractional crystallization was 
modeled in IGPETWIN software written by Carr (1994).
A range of models explam the chemical variation m each field, therefore, model 
envelopes are displayed rather than mdividual liquid lines of decent. The chemical 
variation of Mud Mountain basalt (Figure 37a) can be produced by 5-10 % fiactionation 
o f30-50% olivine and 50 to 70% clinopyroxene and/or magnetite. Magnetite is used to 
represent the iron oxides observed in thin section. Wolf Hole Mountain’s chemical
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variation is produced by a similar model; 30 to 70% olivme and less than 10% total 
firactionation figure 37b). At Seegmiller Mountain variation can be explained by 30% 
olivine and 40 to 70 % clinopyroxene and/or magnetite at less then 12% crystal 
fractionation (Figure 38). Both the variation at Little Creek/Cinder Pits (Figure 39a) and 
Crater Hill (Figure 39b) can be explained by less than 10% total fractionation of 30 to 
70% olivine and by 5-30% fractionation of olivine (10-50%), clinopyroxene (50-90%) 
and/or magnetite (Figure 39a). Chemical variation in the Hurricane Wash flows 
(Figure 40a) and Cinder Pits flows (Figure 40b) can be explained by less than 5% total 
fractionation of 30 to 50% olivine and 70 to 50% clinopyroxene and/or magnetite. Cinder 
Pits and Little Creek evolved as separate volcanic fields, since there would have to be 
50% firactionation for them to be genetically related (Figure 39a).
Although, more data is needed to constrain models, it is clear that chemical 
variation within each volcanic center is due to firactional crystallization of different 
percentages of olivine, clinopyroxene and iron oxides. The fractional crystallization 
process within each center occurred at different times, based on dates in this study 
(Table 3), mdicatmg that each center evolved separately.
At first glance lower Sxa, and higher *̂ Sr/*®Sr, ̂ °̂ Pb/̂ ‘*^b and ̂ “ Pb/^°^b are
suggestive of crustal contamination for samples of the transect. Major and trace element 
concentrations, however, are typical of primitive alkali basalt lavas. Additionally, there is 
no field or thin section evidence for contamination. An exception is a sample collected 
from a dike containing xenoliths of the Moenkopi sandstone. I suggest that the isofopic 
signatures are due to meltmg an ranched mantle lithosphere. This conclusion was also
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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reached by Menzies et al. (1983), Kempton et al. (1991), Otmerod et al. (1991), Reid and 
Ramos (1996) and Smith et al. (1999).
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Figure 36, Extension of the boundary to the NW and SE. It is possible that the boundary is related to 
the Paleoproterozoic SI foliation described by Karlstrom et al. (1996), the Nd and Pb isotopic boundaries 
shown in Figure 2 and geophysical studies in the northern Basin and Riuige (Allenby and Schnetzler, 1983; 
Jones, 1987). w
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100
MD98-9
MD98-10
100 200 300 400 500 600
Cr (ppm)
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Figure 37. Fractional crystalization models &r (a) Mud Mountam and (b) Wolf Hole 
Mountam. Dots represent 5% factional crystalization. Models explained m the texL
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Figure 38. Fractional crystalization models for Seegmiller Mountain. Dots represent 
5% firactionai crystallization. Model explained in the text
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Figore 39. Fractional crystalization models for (a) Little Creek/Cinder Pits and
(b) Crater Hill. Dots represent 5% factional crystailization. Models explamed in the text
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Figure 40. Fractional crystalization models for (a) Hurricane Wash and (b) Cinder Pits. 
Dots represent 5% factional crystallization. Motfels explamed m the text.
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CHAPTER?
CONCLUSIONS
hi southwestern Utah, the physiographic and crustal boundary between the 
Colorado Plateau and the Basin and Range trends north-south and is characterized by a 
narrow transition zone. Changmg geochemical composition of Pliocene to Holocene 
alkali basalts defines a mantle boundary that is not coincident with the crustal boundary. 
The mantle boundary, as defined by geochemistry and GIS analysis, trends to the 
northwest and lies at nearly a 90 degree angle to the crustal boundary. The mantle 
boundary may not be genetically linked to the crustal boundary since their trends are not 
comcident. This observation supports the hypothesis of Smith et al. (1999); that the 
mantle boundary may be an older feature as described by Bennett and DePaolo (1987), 
and Wooden and DeWitt (1991) or that it may connect with Precambrian shear zones 
exposed in the inner gorge at the Grand Canyon (Karlstom, 1996).
Geochemical variability within each basalt field is best explained by varying 
degrees of crystal fiactionation of olivine, clinopyroxene and iron oxides. The fiactional 
crystallization process within each carter occurred at a different times, mdicatmg that 
each center evolved separately. Crustal contammation does not appear to be important m 
the petrogenesis of the lavas.
78
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APPENDIX I
GEOGRAPHIC INFORMATION SYSTEMS AREA AND VOLUME
CALCULATIONS
Each basalt field was approximated as a set of grid cells (raster data set) in 
ArcView firom field mapping (this project) and from previous mapping (Billingsley and 
Workman, 1998; Biek and Willis, in press). The grid themes were then overlaid onto a 
satellite image (I^OS Data Center) and Digital Elevation Model (Terrain Base map of 
the region). The raster data set of each basalt field is a polygon containing grid cells with 
an area of 1/120 decimal degree squared. Because the longitude values change toward the 
poles a separate calculation must be made for conversions to kilometers. 1° longitude = 
65.5 km @ 37® N, 1® latitude = 1112 km, therefore 1/120® longitude = 0.552 km and 
1/120® latitude = 0.926 km. Resulting in an area of 0.511 kmVper grid cell. The total 
number of grid cells is given in “Theme Properties" (ArcView) for the mapped area 
(polygon) of each basalt field (Table I-l). This estimated area is an approximate 
maximum because generally basalt occupies drainage channels and may not cover the 
entire area and some of the volcanic fields have been dissected by erosion.
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Table I-l. Estimated volume and area calculations for basalt fields m the transect.
Basalt Field ~ Average 
Thickness
~Grid cell 
size
Number of 
Grid cells
Estimated
Area
(km')
Estimated
Volume
(km'*)
IVfudMtn 0.030 km 0.511 km^ 412 210 63
WolfHoIe 0.050 km 0.511 km^ 112 572 2.8
Seegmiller 0.020 km 0.511 km^ 48 24.5 0.49
East Mesa 0.020 km 0.511 km^ 23 11.75 0235
Hurricane 0,020 km 0.511 km^ 16 8.17 0.163
Cinder Pits 0.010 km 0.511km'' 24 1226 0.122
Little Creek 0.010 km 0.511 km^ 16 8.17 0.081
Crater Hill 0.030 km 0.511 km^ 71 3628 1.08
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APPENDIX n
GEOCHEMICAL DATA
Analyses of whole rock samples are listed by basalt field. DH98-I through 5 are 
from the Hurricane Wash; DH98-6 through 8 are from East Mesa; MD98-1 through 10 
are from Mud Mountam; WD98-1 through 4 are from Wold Hole Mountain; WD98-5 and 
6 as well as SD98-1 and 2 are from Seegmiller Mountain; LD98-1 through 3 are from 
Little Creek Mounatian; LD98-4,5 and DH98-9 are from Cinder Pits; CD98-1,2,4 and 5 
are from Crater Hill and CD98-3 is from Lava Point. Total values for major oxide 
analysis do not include loss on ignition (LOI) values. Four samples were analyzed for 
LOI; MD98-2, MD98-3, CD98-4 and WD98-3. Samples MD98-2 & 3 have a LOI of 
0.599 and 1.1863 %, however they are contaminated by sandstone (>88 wt %) and do not 
represent the majority of the samples. CD98-4 and WD98-3 are representative of all the 
samples with an LOI of 0.188 and 0.0526, respectively. No analysis is represented by 
blank spaces.
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Basalt field Hurricane Wash
Sample DH98-1 DH98-2 DH98-3 DH98-4 0098-5
long(“W) U3J630 113.3630 1132703 1132630 1132985
lat(“N) 36.9083 36.9055 362083 36.9230 36.9218
X-Ray Florescence Analyses, w t%
SiOz 47.9 48.857 48209 49.005 48291
AI2O3 14.5 15.48 15.415 15.139 18.529
TiOz 1.657 1.697 1.605 1.634 1.785
FeO 12.1 12.177 1221 12253 9.452
MgO 8.54 7259 8.908 8.797 2.907
CaO 8.84 9.184 8.954 9.034 11.129
NazO 326 3.197 3213 3.146 323
KzO 1.17 1.011 0282 1.085 2.048
0.168 0.176 0.173 0.175 0.147
Pl05 0288 0271 0275 0286 0.697
Total 98223 100.11 100.84 100.654 98215
X-Ray Florescence Analyses, ppm
Zr 150.7 146.16 142.02 16128 233.66
Sr 419.61 409.53 474.13 52521 741.66
Nb 29.493 23.812 26266 26.022 43.118
Y 19.852 20.606 19.101 20.014 23238
Rb 11.071 7246 5.169 7.679 13227
Cr 36228 28421 33927 35725 19.051
Ni 171.87 13526 165.6 170.17 50.712
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 322.08 265.87 311.76 634.48
La 21.74 1928 21.65 42.6
Ce 40.46 35.71 3927 76.1
Pr 4.58 4.06 428 8.09
Nd 19.15 1723 182 32.19
Sm 4.76 426 4.46 6.74
Eu 1.61 121 1.52 2.12
Gd 4.94 428 4.68 6.13
Tb 0.78 0.75 0.73 0.93
Dy 421 427 425 524
Ho 0.87 0.83 0.83 1.0
Er 2.13 2.13 2.07 2.45
Tm 029 029 028 024
Yb 1.73 1.77 1.63 2.0
Lu 026 026 026 021
Th 327 2.74 3.12 6.48
Hf 3.43 322 32 423
Ta 22 1.6 1.73 2.81
U 1.04 0.87 029 1.89
Pb 3.75 321 3.5 6.79
Cs 022 0.13 0.11 0.18
Sc 30.08 302
Isotope Anafysis
292 23.8
Ewt 126 1.09
*̂ Sr/“ Sr 0.704178 0.704446
“*Pb/^b 18.063 18.174
^ P b /^ b 15219 15277
“*Pb/^fa 38.116 38.47
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Basalt field East Mesa Cinder Pits Mnd M onntain
Sample DH98-6 DH98-7 DH98-8 DH98-9 MD98-I
long ("W) 113.4155 1132982 113.4529 1132936 113.8823
Ia t(“N) 362223 362195 36.9380 37.1308 362379
X~Ray Florescence Analyses, wt %
SiOz 49.092 49238 50.016 50.496 48245
AlzOz 15.487 19.15 17.744 13.956 15.449
TiOz 1.578 1.871 1238 1.638 129
FeO 12.064 9.743 10.104 11.34 12239
MgO 8.708 4.17 4285 9.136 8.624
CaO 9.097 8.783 9.012 9214 9.776
NazO 3244 3.658 3.991 3.124 2.979
KzO 0.988 2.072 2.08 0223 0.782
\fiiO 0.17 0.151 0.148 0.162 0.179
P2O5 0254 0.674 0.711 0.471 0281
Total 100.782 10021 100.64 100.76 100.344
X-Ray Florescence Analyses, ppm
Zr 133.57 237.79 249.45 161.61 116.87
Sr 379.14 73222 80121 563.11 321.095
Nb 23258 43.79 38252 29.487 19.095
Y 13.637 20.57 19.099 21.488 16.44
Rb 11.873 24.197 24269 13.632 9204
Cr 32525 24271 81.651 352.16 29525
Ni 16627 50.712 50.712 172.06 168.92
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 641.9 674.98 574.44
La 42.57 44.57 35.68
Ce 74.99 85.04 64.92
Pr 8.02 9.5 7.18
Nd 31.69 38.64 2924
Sm 6.76 7.71 623
Eu 2.12 226 127
Gd 621 7.02 5.73
Tb 027 028 0.83
Dy 527 523 4.73
Ho 1.04 1.01 0.89
Er 228 228 2.18
Tm 027 023 0.29
Yb 2.12 121 1.77
Lu 023 028 026
Tb 629 5.61 4.7
Hf 429 5.17 3.62
Ta 227 3.01 2.06
U 1.48 1.55 1.18
Pb 6.76 622 4.72
Cs 0.62 023 0.18
Sc 24.8
Isotope Anafysis
26.0 27.6
Gwa 124 -128
*̂ Sry“ Sr 0.704374 0.704301
“ * P b /^ b 18.141 17.822
“" P b /^ b 15231 15217
“ * P b /^ b 38227 38.167
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Basalt field 
Sample
Mud M oontam 
*MD98-2 *MD98-3 MD98-4 MD98-5 MD98-6
long("W) 113.8388 113.8330 113.7780 113.9046 113.8211
latCN) 36.6571 36.6611 36.5361 36.6448 36.6901
SiOi 90.596
X-Ray Florescence Analyses, wt % 
88.692 49.037 48213 46272
AI1O3 4.165 4.87 15286 14.452 13.037
TiOz 0.53 0.649 1.495 1.806 2.025
FeO 2.128 2.717 11.781 11.449 11.452
MgO 0.557 0.518 8.452 9.716 9.14
CaO 1.842 1.915 9.897 9.418 11.005
Nâ O 0.831 0.839 2.965 3.01 2221
KjO 1.463 1.51 0.984 126 1.383
NfiiO 0.031 0.038 0.174 0.173 0.154
P2O5 0213 0.185 0.32 0.476 0203
Total 102.356 101.933 10029 10027 97292
Zr 103.51
X-Ray Florescence Analyses, ppm 
11222 13123 184.71 199.44
Sr 167.59 162.76 385.8 533.88 50825
Nb 24.824 20.73 22.695 41.784 36254
Y 7.669 9.025 16296 18292 22288
Rb 25.849 39.958 10.817 20254 14225
Cr 0 0 338.52 315.55 30921
Ni 50.712 50.712 166.79 19325 219.86
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 34323 44921 937.6
La 16.76 31.69 25.69
Ce 32.15 56.56 4825
Pr 3.64 6.17 5.64
Nd 15.61 2527 23.65
Sm 422 5.72 5.71
Eu 127 1.83 1.88
Gd 4.67 5.48 5.63
Tb 0.73 0.81 0.86
Dy 427 4.68 4.7
Ho 0.86 0.89 02
Er 22 222 2.11
Tm 021 021 021
Yb 1.87 1.74 1.7
Lu 029 027 026
Tb 227 4.96 229
Hf 3.14 421 4.44
Ta 1.73 2.84 2.46
U 0.69 127 025
Pb 3.12 5.04 3.41
Cs 0.09 0.19 023
Sc 31.6 302 27.8
Gw
*̂ Sr/“ Sr
“ ^ b / ^ b
hotape Anafysis
0.85
0.704439
17278
425
0.703913
18.184
ZOSpb^b
15206
38.105
1522
38.065
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Basalt field Mud M ountain Wolf Hole
Sample MD98-7 MD98-8 MD98-9 MD98-10 WD98-I
Iong("W ) 113.7875 113.7701 113.7701 113.7796 1132941
Iat(»N) 36.5701 36.5633 36.6023 36.6078 36.8328
X-Ray Florescence Analyses, w t %
SiOz 48227 51254 51.003 47.181
AlzOz 13.073 17.201 17.422 11279
TiOz 1.593 1.577 1.606 1.784
FeO 1121 10.504 10247 10.687
MgO 11.407 5.699 5.712 13.628
CaO 9.532 10214 10.066 9.77
NazO 2.624 3.118 3.181 2.8
KzO 0.846 1.099 1208 1241
bfoO 0.177 0.167 0.165 0.178
P2O5 0245 0257 0.382 0267
Total 100.034 10129 10129 99.915
X-Ray Florescence Analyses, ppm
Zr 1.3376 1.48.42 15622 182.13
Sr 371.56 399.03 411.7 5682
Nb 33.945 28.146 26282 51.891
Y 18.633 25218 25.799 19272
Rb 10.867 11257 16.464 19.669
Cr 557.06 12322 143.02 76024
Ni 293.44 50.712 50.712 344.76
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 451.69 417.91 404.62 83626
La 2223 222 21.85 44.97
Ce 40.74 39.73 39.63 76.16
Pr 4.61 426 4.47 8.15
Nd 1926 18.61 18.61 31.8
Sm 4 2 425 428 6.43
Eu 122 1.61 1.58 1.95
Gd 4.65 4.84 428 5.57
Tb 0.73 0.8 0.81 0.83
Dy 427 4.89 4.94 4.49
Ho 0.86 0.99 0.97 0.85
Er 2.07 2.62 227 2.1
Tm 028 027 027 028
Yb 1.71 227 222 1.64
Lu 025 024 025 025
Tb 3.08 3.19 2.81 7.61
H f 329 3.7 3.78 428
Ta 1.84 1.7 1.78 328
U 0.79 0.77 0.8 126
Pb 322 4.56 4.14 622
Cs 0.04 0.08 0.07 029
Sc 30.6 342
Isotope Analysis
34.0 30.7
Gwi 2 2 2.4
*^Sr/“ Sr 0.704468 0.703962
^ b ^ b 17262 18262
“ ^ P b /^ b 15222 15256
® * P b /^ 38.087 3826
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
Basalt field W olf Hole M ountain SeegmlUer M ountain
Sample WD98-2 WD98>3 WD98-4 WD98-5 WD98-6
long (“W) 1132630 1132630 1132703 1132630 1132985
Iat(T ^ 362083 36.9055 36.9083 362230 362218
X-Ray Florescence Analyses, wt %
SiOz 45276 47.446 50.358 48.614 49209
AlzOz 13.8 13.191 14.824 13286 15.615
TiOz 1.951 1.991 1.475 1.772 1255
FeO 11286 11231 12.071 11.832 12.166
MgO 10.144 10.921 9.61 10206 7.75
CaO 10.007 10.595 8.87 9.804 8.892
NazO 226 2.78 2.846 2.865 3.168
KzO 1289 124 0.715 1.089 1.067
MaO 0.177 0.183 0.176 0.182 0.179
P2O5 0.553 0.516 0277 0.422 0266
Total 99.846 100.194 10122 100.772 100.062
X-Ray Florescence Analyses, ppm
Zr 213.17 185.19 1172 154.39 14129
Sr 61627 543.03 319.07 439.14 42028
Nb 50278 48228 17.096 39.885 29.1
Y 24.038 24.079 21.662 21254 21.123
Rb 21223 22.717 13.697 16.178 13.643
Cr 425.13 592.65 433.64 641.86 299.13
Ni 22425 193.84 215.45 19529 137.78
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 791.19 343.0 598.0
La 38.82 1827 3221
Ce 68.0 3324 5626
Pr 7.47 3.8 6.15
Nd 29.98 16.05 25.04
Sm 622 4.14 5.48
Eu 2.11 128 1.79
Gd 5.83 4.44 5.19
Tb 0.87 0.69 0.82
Dy 4.92 4.11 4.64
Ho 021 0.78 0.91
Er 2.33 2.03 229
Tm 021 020 023
Yb 1.85 1.69 1.93
Lu 029 026 02
Tb 5.87 3.06 5.61
Hf 4.81 2.97 3.76
Ta 3 2 1.11 2.49
U 1.41 0.62 1.0
Pb 529 3.79 4.96
Cs 029 020 0.14
Sc 282
Isotope Analysis
26.8 31.4
Gm -228
*̂ Sry“ Sr 0.705696
“ * P b /^ b 18209
^Pb/™*Pb 15219
“ * P b /^ b 38.455
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Basalt field SeegmlUer Little Creek Cinder Pits
Sample SD98-1 SD98-2 LD98-1 LD9B-2 L098-3
long(“W) 1132505 113.5451 113.1491 113.1726 1132035
latC N ) 36.7793 36.7843 37.086 37.1041 37.1073
X-Ray Florescence Analyses, wt %
SiOz 49.665 47.446 51.72 51.685 50256
AlzOz 1624 16206 17208 17265 14.637
TiOz 1.806 1.795 1.801 1.823 1.612
FeO 11299 11.036 10.674 10.735 1027
MgO 7.436 6.838 4.68 4.768 7.793
CaO 8264 9.514 9.124 9257 9206
NazO 3247 3.427 3.64 3.665 3.161
KzO 1251 1288 1.192 1.169 0.937
MtiO 0.164 0.158 0.156 0.163 0.16
PzOs 0.468 0.451 0.617 0.603 0206
Total 100.64 100261 100212 101233 100.638
X-R(Q> Florescence Analyses, ppm
Zr 174.67 17524 196.45 193.72 165.64
Sr 51427 516.45 691.094 686.77 59025
Nb 36.498 36.159 40.412 4224 33247
Y 2028 21.627 25253 24.7 23.434
Rb 13.124 12.727 19.094 15.667 11.719
Cr »8 .05 265.61 31.098 36.027 292.8
Ni 118.19 98.627 50.712 50.712 124.63
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 617.61 807.85 80923
La 24.78 48.44 50.19
Ce 4521 8724 8929
Pt 5.19 9.84 9.99
Nd 2121 38.93 39.85
Sm 525 8.17 822
Eu 1.76 2.45 2.46
Gd 526 6.69 6.77
Tb 0.84 1.06 1.03
Dy 4.83 5.85 5.8
Ho 02 1.09 1.08
Er 221 2.72 2.75
Tm 022 026 027
Yb 1.84 2.15 2.14
Lu 028 023 023
Th 3.73 725 728
Hf 328 421 4.43
Ta 2.13 2.49 221
U 024 1.66 1.65
Pb 4.74 6.72 7.15
Cs 0.06 0.19 021
Sc 27.4
hotope Analysis
232 22.8
Gna -3.47
*^Sr/“ Sr 0.704877
“ * P b /^ b 18.467
“ ^ P b /^ b 15245
“ * P b ^ b 38229
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Basalt field 
Sample
C inder Pits 
LD98-4 LD98-5
C rater Hill 
CD98-1 CD98-2
Lava Point 
CD98-3
long(“W) 1132355 1132265 113.1423 113.11 113.1401
latCTM) 37.1195 37.1266 37202 37.1766 372466
SiOz 51.093
X-Rcq> Florescence Analyses, w t%  
51241 50.629 48217 5328
AlzOz 14.651 15.106 13.641 1225 16.033
TiOz 1299 1.617 1.492 1222 1.623
FeO 10229 10.727 11256 11.625 8262
MgO 7.958 7245 9291 11.024 6214
CaO 9.923 923 8.901 9.434 7289
NazO 3.065 3206 2269 2.936 3.621
KzO 0.939 0277 1.069 1218 2.484
MaO 0.16 0.158 0.16 0.16 0.132
PzOz 0.494 0216 0.441 0249 0.744
Total 100.811 100.823 100249 99.835 100282
Zr 162.83
X -R ^  Florescence Analyses, ppm 
169.18 15725 196.16 323.52
Sr 57929 605.74 50929 60927 1179.8
Nb 35247 38.894 33.436 41.897 21287
Y 18.688 20209 18.782 19.066 22295
Rb 14.068 13.316 15.852 19.674 27.727
Cr 282.87 234.49 348.49 399.81 132.71
Ni 12625 109.78 231.65 270.07 110.7
Inductively Coupled Plasma Mass Spectrometry (REE) Analysis, ppm
Ba 639.18 673.11 628.52 670.97
La 3924 41.67 3523 43.08
Ce 71.45 74.62 64.18 76.59
Pr 8.06 8.43 725 8.69
Nd 32.03 34.12 28.12 34.80
Sm 621 723 6.14 7.41
Eu 2.05 2.17 1.85 225
Gd 5.96 625 5.46 621
Tb 02 0.95 0.83 023
Dy 5.06 521 4.68 5.13
Ho 024 0.97 0.87 0.94
Er 228 2.44 224 226
Tm 022 024 029 02
Yb 1.89 126 1.75 1.71
Lu 028 020 026 026
Tb 5.55 524 5.17 5.85
Hf 3.73 3.88 3.60 4.49
Ta 2.06 2.05 1.88 225
U 124 128 1.17 1.49
Pb 5 2 6.11 6.86 622
Cs 022 0.17 023 021
Sc 28.5 282 26.8 272
Gnu ^
” Sr/“ Sr
“ * P b /^ b
“ ^ P b /^ b
“ * P b ^ b
Isotope Anafysis
-1.45
0.704465
18278
15231
38.14
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Basalt field C rater Hill
Sample CD98-4 CD98-5
long (“W ) 113.1368 113.0818
Ia t(“N) 37.1910 37.1793
X-Ray Florescence Analyses, wt %
SiOz 50.864 50.57
AlzOz 13.948 13.905
TiOz 1.474 1.607
FeO 19.897 11299
MgO 9.526 9.978
CaO 9.122 9.045
Na-.0 2.969 2208
KzO 1.096 1.096
MqO 0.156 0.158
PzOs 0.429 0.47
Total 100.481 10136
X-Rcq> Florescence Analyses, ppm
Zr 159.38 16921
Sr 52638 169.91
Nb 32.093 32.483
Y 18356 20.729
Rb 19267 16.456
Cr 345.63 361.51
Ni 217.65 22624
Inductively Coupled Plasma Mass Spectrometry (1
Ba 62928
La 3426
Ce 62.55
Pt 7.16
Nd 28.84
Sm 622
Eu 1.85
Gd 5.51
Tb 0.85
Dy 4.74
Ho 0.87
Er 221
Tm 03
Yb 1.78
Lu 027
Tb 4.88
H f 3.69
Ta 1.79
H 1.14
Pb 6.73
Cs 026
Sc
GUd
"Sr/“ Sr
“ ^ b / ^ b
“" P b /^ b
“ ^ b y ^ b
262
Isotope Analysis
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX m
REGIONAL GEOCHEMICAL DATA FROM PREVIOUS WORKERS
Sample
ZP0502
ZP0604
ESC-5
SG-67
H94-6-3
H94-I-2
H94-I-4
AC-2-93
T-4-93
P-I-93
I3-B86
I1-B86
4-B86
24-B9I 
20-B9I
25-B91 
22-B9I 
I6-B86
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APPENDIX IV
NEVADA ISOTOPE GEOCHRONOLOGY LABORATORY PROCEDURES 
(T. Spell, personal communication, 1999)
Samples analyzed by the ‘°Ar/̂ ®Ar method contained approximately 30 mg of 
whole rock basalt Each sample package was wrapped in aluminum foil and stacked in a 
6  mm inside diameter Pyrex tube. Individual packets averaged 3 mm thick and neutron 
fluence monitors (ANU 92-176, Fish Canyon Tuff sanidine) were place every 5-10 mm 
along the tube. Synthetic K-glass and optical grade CaFz were included in the irradiation 
packages to monitor induced argon interferences 6 om K and Ca. Loaded tubes were 
packed in an aluminum container for irradiation. Samples were irradiated for 3 hours in 
the D3 position on the core edge (fuel rods on three sides, moderator on the fourth side) 
of the IMW TRIGA type reactor at the Nuclear Science Center at Texas A&M 
University. Irradiations are performed m a dry tube device, shielded against thermal 
neutrons by a 5 mm thick jacket of B4C powder, which rotates about its axis at a rate of 
0.7 revolutions per minute to mitigate horizontal flux gradients. Correction foctors for 
interforing neutron reactions on K and Ca were determined by repeated analysis of K- 
glass and CaFzfiagments. Measured (*°Ar/̂ ®Ar)K values were 1.175 x 10 ± 5.4%. Ca 
correction foctors were (̂ ®Ar/̂ ’Àr)Ca = 2.8768 x 10 i  3.6%. and (^®Ar/^Ar)Ca= 
6.8563 X10 ̂  0.7%. I  factors were determined by fusion of 4-5 mdividual crystals of
9 8
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neutron fluence monitors which gave reproducibilities of 0.09% to 0.4% at each standard 
position. Variation in the neutron flux along the 100 mm length of the irradiation tube 
was < 4%. An error in J of 0.5% was used in age calculations. No significant neutron 
flux gradients were present within individual packets of samples as mdicated by the 
excellent reproducibility of the single crystal flux monitor fusions.
Neutron fluence monitors were analyzed inaCu sample tray in a high vacuum 
extraction line and were fused using a 20 W CO2 laser. Whole rock samples were 
analyzed by the furnace step heating method which uses a double vacuum resistance 
fimiace similar to the Staudacher et al. (1978) design. Reactive gasses were removed by 
single MAP and two GP-50 SAES getters prior to being admitted to a MAP 215-50 mass 
spectrometer by expansion. The relative volumes of the extraction line and mass 
spectrometer allow 76% of the gas to be admitted to the mass spectrometer. Peak 
intensities were measured using a Blazers electron multq)lier by peak hopping through 7 
cycles; initial peak heights were determined by linear regression to the time of gas 
admission. Mass spectrometer discrimination and sensitivity was monitored by repeated 
analysis of atmospheric argon aliquots fiom an on-line pipette tystem. Measured 
^^Ar/̂ ^Ar ratios were 289.8 to 290.4 ±035 % during this work, thus discrimination 
corrections of 1.01963 to 1.01752 were applied to measure isotope ratios. The sensitivity 
of the mass spectrometer was ~2 x 10*̂  ̂mol mV^ with the multiplier operated at a gain 
of 100 over the Faraday. Line blanks averaged 138 x 10*̂  ̂mol for mass 40 and 73 x 10* 
^^mol for mass 36. Discrimination, sensitivity and blanks were relatrvety constant over 
the period of data collection. Computer automated operation of the sangle stage, laser, 
extraction Ime and mass spectrometer as well as foial data reduction were done using
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
LabVIEW software written by B. Idleman (Lehigh University). An age of 27.9 Ma 
(Steven et ai., 1967; Cebula et al., 1986) was used for the Fish Canyon Tuff sanidine flux 
monitor in calculating ages for samples.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX V
STEP HEATING DATA
^°Ai/̂ ^Ar data tables for step heating analyses, age spectra and Ca/K versus 
ftaction of^^Ar released are included in the following pages. Isochrons were developed 
for all samples but are only listed if the mean square weighted deviation (MSWD < 2). 
Total gas age is based on a weighted age calculation:
% ®̂Ar for each step /  Z  % ̂ ^Ar released * Age (Ma) for each step
Total gas age is used unless otherwise specified in the data table (i.e. plateau age 
definition based on weighted means). Wei^ted means calculations were performed on 
samples that produce an age spectra plateau defoied herem as at least 3 consecutive steps, 
overlapping ages at 2 sigma (<r) which make up at least 50 % of the ̂ ^Ar released.
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Downing - UNLV, MD98 9 Basalt, 24,30 mg, J » 0.0003520 +/. 0.5% MUD MOUNTAIN
4 amu discrimination = 1.01752 +/- 0.17%, 40/39K = 0.01175 +/- 5.4%, 36/37Ca = 0.00028768 +/- 3.8%, 39/37Ca = 0.00068563 +/- 0.7%
step T(C) t (mln.) 36Ar 37Ar 3BAr 39Ar 40Ar %40Ar* % 39Ar rIsd Ca/K 40Ar*/39ArK Age (Ma) Is.d,
1 700 12 175 2,53 0,45 10.19 584,07 14.4 7,5 7,53621417 1.69 4,91 0,08
2 800 12 3.68 4.03 1.05 27.93 128221 17.6 20.4 4.379488736 1.72 4.99 0.06
3 850 12 1,31 2.34 0.52 20.21 523.24 30.4 14.8 3.51713699 1.60 4,65 0.04
4 925 12 1,89 3,09 0.63 21.20 692.22 22.6 15.5 4,428229521 1.53 4,44 0.05
5 1000 12 2,29 2,30 0.60 13.12 751.77 12,9 9.6 5,319520181 1.55 4.49 0,08
6 1100 12 3,75 2,43 0.87 12,62 1187.72 9,0 9.2 5,84667997 1.81 5.24 0,16
7 1175 12 6,68 7.43 1,45 16.70 2076.88 7,2 12.2 13.54894268 1.95 5.64 0.14
8 1250 12 4,08 13,66 0.90 10.48 1266.26 8.2 7.7 39.99737147 2,13 6,16 0,19
9 1350 12 1.54 4.89 0.34 4,26 481.37 9.9 3.1 35,20625244 2.18 6,31 0,14
note: isotope beams In mV, risd s  released, error In age includes 0.5% J error, all errors 1 sigma Total gas age = 5,03
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MD98-9 Whole Rock Basalt
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Downing - UNLV, SD98-1 B asait, 21.96 m g, J = 0,0003576 +/- 0.5% SEEOMiLLER MOUNTAiN (SW)
4 amu discrimination = 1.01886 +/- 0,17%, 40/39K = 0.01175 +/- 5.4%, 36/37Ca = 0.00028768 +/- 3.8%. 39/37Ca = 0,00068563 +/- 0,7%
8 Step T (C) t  (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* % 39Arrlsd Ca/K 40Ar*/39ArK Age (Ma) Is.d ,
" O 1 650 12 7,90 1,56 1.75 17,75 2446,38 6.6 10,4 3,002494716 1,98 5.74 0,16
( O ' 2 725 12 3,44 1.94 1,05 30,28 1151.36 14,4 17,7 2,200138826 1,17 3,38 0,05
3 " 3 775 12 2,29 1,52 0,76 26,58 784,72 17.1 15,5 1,955811631 1,05 3,05 0,06
i 4 825 12 1,98 1,15 0,61 17.41 659,74 14,5 10,2 2,265975785 1,13 3,27 0,09
3
(D 5 900 12 2,66 1,18 0,68 13,02 843,23 9,1 7,6 3,114493253 1,23 3,57 0.08
6 975 12 2.30 1,11 0,55 9,62 715.82 7,6 5,6 3,943497039 1,16 3,38 0.11
■n
c 7 1075 12 1,96 1,56 0,53 12,01 624,03 10,1 7,0 4,463136505 1,06 3,08 0,08
3.
3 " 8 1175 12 5,22 7,95 1,26 20,17 1616,62 7.5 11.8 13,55603097 1,30 3,76 0,10
(D 9 1250 12 5,96 15,69 1.43 20.18 1834.95 7.4 11,8 26,8254484 1.45 4,20 0,11
(D 10 1350 12 2,80 2,57 0,58 4,29 851,66 5.8 2.5 20,64678772 2,35 6,81 0.26
T 3
O note: isotope beams in mV, risd = released, error in age includes 0,5% J error, all errors 1 sigma Total gas age = 4,17
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Downing - UNLV, WD98*5 Basait, 21.66 mg, J  * 0.0003579 +A 0.5%
4 amu discrimination = 1.01752 +/- 0.17%, 40/39K = 0.01175 +/- 5.4%, 36/37Ca =
SEEGMILLER MOUNTAIN
0.00026760 +/- 3.8%, 39/37Ca = 0.00068563 +/- 0.7%
8■D
CD
3.
3"
CD
Step T(C) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %  39Ar risd Ca/K 40Ar*/39ArK Age (Ma) Is.d.
1 650 12 2.64 2.03 0.84 25.32 887.44 14.4 17.4 2.499932331 1.08 3.13 0.04
2 725 12 2,01 1.84 0.81 32.96 745.08 23.4 22.6 1.742734543 1.12 3.25 0.04
3 600 12 2.99 1.74 0.93 28.14 1013.39 15.2 19.3 1.928264533 1.18 3.41 0.05
4 850 12 1.29 1.14 0.41 12.84 437.71 16.6 8.8 2.767659729 1.15 3.34 0.09
6 925 12 1.05 1.25 0.34 10.21 354.39 16.8 7.0 3.839361494 1.16 3.36 0.07
6 1025 12 1.56 1.69 0.45 11.17 511.79 12.3 7.7 4.739809721 1.21 3.50 0.07
7 1125 12 0.70 1.23 0.20 5.42 221.58 12.2 3.7 7.125022516 0.90 2.62 0.06
B 1350 12 6.19 33.39 1.44 19.80 1893.59 7.5 13.6 53.50524403 1,58 4.56 0.12
note; isotope beams In mV, risd -  released, error in age includes 0.5% J error, all errors 1 sigma Total gas age = 3.47
O
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Downing  ̂UNLV, DH98-B Basait, 2777 mg, J » 0.0003579 0.5% e a st  MESA
4 amu discrimination = 1.01752 +/- 0.17%, 40/39K = 0.01175 +/- 5.4%, 36/37Ca = 0.00028768 +/- 3.8%, 39/37Ca = 0.00068563 +/- 0.7%
step T A t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar risd Ca/K 40ArV39ArK Age (Ma) Is.d.
1 750 12 34,39 1,12 6.67 13,74 10142.55 1,6 7,9 2,31579841 2,65 7,66 0.84
2 800 12 22,35 0,89 4,32 11,29 6584,00 1,5 6.5 2,245882058 1,93 5,60 0.65
3 850 12 17,47 0,74 3.39 9,30 5147.00 1,5 5,3 2,265990336 1,90 5,50 0,62
4 925 12 16,61 0,84 3.24 10.23 4912.84 1,9 5,9 2,336486197 2.01 5.83 0,59
S 1000 12 8,58 0,79 1,74 8.51 2534,74 1,8 4,9 2,637457422 1,21 3.52 0.50
6 1100 12 12,65 1,99 2,63 18.69 3736.87 1.8 10.7 3.033035732 0,81 2,35 0,22
7 1175 12 118.49 14,31 23.21 89.25 35956.90 4.4 51,1 4,574483693 3.96 11,44 0,45
8 1250 12 17,68 3,88 3.50 11.42 5251.78 2.4 6.5 9.709500981 2,43 7,02 0,54
9 1350 12 3.55 0,99 0.38 2.13 1067,02 4.1 1,2 13,33056798 4,35 12,57 0,90
note; isotope beams In mV, risd = released, error In age Includes 0 5% J error, all errors 1 sigma Total gas age = 8,49 0.51
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Downing - UNLV, DH98-3 Basait, 25,18 m g, J «  0 ,00035801 / .  0,5%
4 amu discrimination -  1.01963 +/- 0.12%, 40/39K = O.O1175 +/- 5.4%, 36/37Ca :
HURRICANEWASH
0.00028768 +/- 3.8%, 39/37Ca = 0.00068563 +/- 0.7%
8■D
( O '
3.
3"
CD
CD"O
O
Q .
8(ep T A Mmin.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar* %39Arrtsd Ca/K 40Ar*/39ArK Age (Ma) Is.d,
1 700 12 18,17 3.19 3.73 22.49 5475.26 4.0 15.6 3.945985509 2.15 6.23 0.19
2 770 12 9,26 1.92 1.99 17.91 2811.98 4.8 13.6 2.979059854 1.67 4.83 0.13
3 820 12 7,80 1.68 1.65 15.17 2368.30 4.8 11.5 3.071957173 1.66 4.82 0,14
4 880 12 6.02 1.85 1.34 13.08 1845.17 5.7 9.9 3.935671193 1.77 5.11 0.15
5 950 12 3.47 1.90 0.77 10.11 1060.05 5.6 7.7 5.233693732 1.27 3.69 0.09
6 1040 12 5.08 3.05 1.18 15.68 1549.82 5.6 11.9 5.414090843 1.20 3.49 0.26
7 1115 12 3.17 1.78 0.69 7.58 959.72 4.9 5.8 6.523437821 1,35 3,91 0.17
8 1200 12 11.88 16.96 2.59 25.74 3614.86 5.3 19.5 18.40969528 1.66 4.82 0.12
8 1270 12 5.37 12.92 1.18 12.83 1631.26 5.7 9.7 28.20857225 1.58 4.59 0.11
10 1350 12 2.206 3.698 0.475 3.568 661.704 5.1 2.7 29.0489433 1.94 5.63 0,18
>to; isotope tieems In mV, risd = released, error In age includes 0.5% J <error, all errors 1 sigma Total gas age = 5.16 0.14
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Dovyninfl * UNLV, LD98-1 Basalt, 27.30 mg, J » 0.0003569 +/- 0.5% LITTLE CREEK
4 amu discrimination = 1.01752 +/- 0.17%, 40/39K = 0.01175 +A 5.4%, 36/37Ca « 0.00028768 +/- 3.8%. 39/37Ca = 0.00068563 +/- 0.7%
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$(«p T(C) t (min.) 9«Ar 37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar risd Ca/K 40Ar*/39ArK Age (Ma) 1s,d.
1 700 12 1.78 5.98 0.75 32.40 536.66 5.6 18.6 5.478506244 0.20 0.57 0.02
2 750 12 0,83 4.00 0.44 23.50 251.21 6.5 13.5 5.052334591 0.14 0.39 0.03
3 800 12 0.71 3.43 0.48 28.30 219.23 9.5 16.3 3.599707196 0.14 0.41 0.02
4 850 12 0.57 2.81 0.44 26.10 177.47 10.3 15.0 3.19672359 0.13 0.38 0.02
5 925 12 0.59 3.35 0.43 24.12 180.01 8.0 13.9 4.115272462 0.11 0.32 0.01
6 1026 12 0.64 2.03 0.28 13.01 187.68 4.2 7.5 4.63321014 0.11 0.33 0.04
7 1100 12 0.44 1.05 0.15 4.21 124.52 1.8 2.4 7.415884889 0.09 0.26 0.06
8 1175 12 0.81 7.22 0.27 7.81 234.47 3.7 4.5 27.63428451 0.21 0.61 0.04
9 1350 12 1.80 15.70 0.55 14.67 515.59 3.4 8.4 32.01353745 0.24 0.71 0.06
ite: Isotope beams in mV, rtsd s  released, error In age Includes 0.5% J error, all errors 1 sigma Total gas age = 0.44 0.08
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Downing - u n lv , LD88-5 Basait, 34.82 mg, J = o.oooasso *i~ o,s%
4 amu discrimination -  1.01752 +/- 0.17%, 40/39K = 0.01175 +/- 5.4%, 36/37Ca = 0.00028768
Step T(C) t(mln.) 38Ar 37Ar 38Ar 39Ar 40Ar %40Ar
CINDER PITS
+/- 3.8%, 39/37Ca = 0.00068563 +/- 0.7%
% 39Ar rIsd Ca/K 40Ar/39ArK Age (Ma) Is.d.
1 675 12 3.79 5.70 1.05 24.67 1120.97 2.5 11.9 6.973669926 0.25 0.72 0.05
2 750 12 1.59 4.54 0.72 33.86 476,17 4.6 16.3 4.036247518 0.13 0.38 0.05
3 800 12 0.94 3.40 0,59 33.08 283.95 6.9 16.0 3.092266112 0.11 0,33 0.01
4 875 12 1.15 4.25 0.69 36.89 345.01 5.3 17.8 3.47317377 0,10 0.28 0.05
5 940 12 1.43 3.16 0.54 21.13 421.86 2.9 10.2 4.509825595 0.12 0.33 0.02
6 1025 12 2.36 2.50 0.64 15.06 686.24 1.0 7.3 5.006197146 0.10 0.28 0.07
7 1150 12 1.84 2.31 0.45 7.26 534.13 1.1 3.5 9.587047167 0.16 0.47 0.20
8 1350 12 816 40.49 2.01 35,36 2381.19 2.6 17.1 34.81956376 0.38 1.11 0.08
note; isotope beams in mV, risd = released, error in age includes 0.5% J enor, all errors 1 sigma Total gas age = 0.51 0.08
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Downino - UNLV, CD98-5 B«sa|t, 27,98 mg, J » 0,0003564 0.5% CRATER HILL
4 amu discrimination = 1.019631/- 0.12%, 40/39K = 0.01175 +A 5.4%, 36/37Ca = 0.00028768 +/- 3.8%. 39/37Ca = 0.00068563 +/- 0,7%
8■D
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3"
CD
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Stop T(C) t (min.) 36Ar 37Ar 38Ar 39Ar 40Ar %40Ar % 39Ar risd Ca/K 40Ar/39ArK Age (Ma) 1s,d.
1 750 12 7.02 2.22 1.54 17.14 2044.83 0 7 13.0 3.467548236 0.19 0,56 0,11
2 800 12 7.94 2.42 1.78 20.42 2350.36 2.3 15.5 3.17400072 0.59 1.70 0.09
3 850 12 10.16 2.67 2.17 20.55 3001.07 2.0 15.6 3.483858962 0,66 1.91 0.14
4 800 12 10.78 2.37 2.21 15,08 3185,93 2.2 11.5 4.213993905 1.04 3.02 0.20
5 850 12 8.90 1.80 1.80 10.43 2640.91 2.6 7.9 4.877132843 1.44 4.17 0.26
6 1025 12 5.05 1.57 1.06 7.52 1508.03 3.3 5.7 5.595896296 1.45 4.20 0.16
7 1100 12 2.78 1.71 0.60 5.47 823.92 2.7 4.2 8.408076314 0.89 2.57 0,18
8 1200 12 12.93 15.33 2.70 19.35 3875,52 3.8 14.7 21.34468923 1.70 4.93 0,20
9 1275 12 6.71 18,45 1.42 13.55 2010.41 4.5 10.3 36.82738299 1.47 4.26 0,13
10 1350 12 1.841 3.086 0.376 2.2 543.82 2.8 1.7 37.96491482 1.44 4.18 0.22
)t«; IsQtppe (warns in mV, risd = released, error In age Includes 0.5% J error, all errors 1 sigma Total gas age = 2.89 0.16
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APPENDIX VI
SAMPLE OF ARCVIEW SCRIPTS
Kriging Circular Script
theProject=av.GetProject 
theView=theProjectFindDoc("Area") 
theTheme=theViewJ^indTheme("RegionaI Data") 
theFTab=theTheme.GetPTab
theFieId=MsgBox^put("Enter the zfield name","hiput","No Data")
zFieId=tfaeFTabJindFieId(theFieId)
theXype=#KRIGING_CIRCULAR
aPq=Pg.MakeNull
theCeIlSize=830
theRect=RectMake(0@0,155000@188000)
theLis^{theCeiISize,theRect}
thelhter>^=25000
anSVGram=SVGramJMake(theFTab,aPg^ieid,theType,thehiterval)
theVTab=anSVGram.GetVTab
outVarGridFN=av.GetProjectGetWorkDir.MakeTmp("outFN","")
thelaterp=lDterpJVIakeFromVariogram(anSVGrain^iI,NiI,outVatGridFN)
theResuIt=Grid.MakeByDiterpoIation(theFTab,aPq^ieId,thehiterp,theLM)
theGThem^GThemeJidake(theResult)
theGTheme.SetName(”Krigmg Chcular")
theViewAddTheme(^eGTheme)
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Kriging Exponetial
theProjec^av.GetProject 
theView=theProjectJ^indDoc("Area") 
theTheme=theView JmdTheme("RegionaI Data") 
theFTab=theTheme.GetFTab
theFieId=MsgBoxiiput("Enter the zfield name","lhput","No Data")
zFieId=theFTabJindFieId(theFieId)
theType=#KRIGING_EXPONENT[AL
aPq=Pg.MakeNull
theCellSize=830
theRect=Rect.Make(0@0,155000@188000)
theList={theCeUSize,theRect}
thehiterval=25000
anSVGtam=SVGTam.Make(theFTab,aPg^ieId,theType,theIatervaI)
theVTab=anSVGram.GetVTab
outVarGridFN=av.GetProject.GetWorkDff.NfakeTmp("outFN","") 
theIoterp=Interp.MakeFromVariogram(anSVGramJ'fil^il,outVarGridFN) 
theResuIt=GridAlakeByhiterpolation(theFTab,aPq^ieId,theInteip,theLM) 
theGTheme=GTheme.Make(theResuit) 
theGTheme.SetName("Krigmg Exponential") 
theViewAddTheme(theGTheme)
Linear Regression Script (TREND)
theView=av.GetActiveDoc
theTheme=theViewJindThenie("Point")
theFTab=theTheme.GetFTab
zFieId=theFTabJindFieId('Teo")
theJhterp=DiterpMakeTrend(3JFALSE)
aPij=Pq.MakeNuli
theCelISiz^830
theRect=RectMake(-492@25908,I09000@138537)
theListr={theCelISize,theRect}
theResuIt=Grid.hW»ByhiterpoIatîon(theFTab,aPg^ieId,theInterp,theList)
theGThem^GTheme.Make(theResuIt)
theViewAddTheme(tfaeGTheme)
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